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ABSTRACT

With a Free Flight policy, the empbhasis for air traffic control is shifting from active control
to passive air traffic management with a policy of intervention by exception. Aircraft will be
allowed to fly user preferred routes, as long as safety Alert Zones are not violated. If there
is a potential conflict, two (or more) aircraft must be able to arrive at a solution for conflict
resolution without controller intervention. Thus, decision aid tools are needed in Free
Flight to detect and resolve conflicts, and several problems must be solved to develop such
tools. In this report, we analyze and solve problems of proximity management, conflict
detection, and conflict resolution under a Free Flight policy.

For proximity management, we establish a system based on Delaunay
Triangulations of aircraft at constant flight levels. Such a system provides a means for
analyzing the neighbor relationships between aircraft and the nearby free space around air
traffic which can be utilized later in conflict resolution.

For conflict detection, we perform both 2-dimensional and 3-dimensional analyses
based on the penetration of the Protected Airspace Zone. Both deterministic and non-
deterministic analyses are performed. We investigate several types of conflict warnings
including tactical warnings prior to penetrating the Protected Airspace Zone, methods based
on the reachability overlap of both aircraft, and conflict probability maps to establish
strategic Alert Zones around aircraft.

Conflict resolution maneuvers are investigated in the horizontal plane with heading
or speed control, and in the vertical plane with altitude control. Conflict resolution
maneuvers are studied for tactical close-range as well as strategic far-range cases. The
tactical analysis maximizes safety. The tactical conflict resolution strategy is the result of an
optimization problem: Determine the control as a function of the relative motion state such
that the range at closest approach is maximized. The solution is arrived at by applying
Euler-Lagrange equations for optimal control, and are best illustrated using maneuver
charts. These maneuver charts concisely illustrate the tactical conflict avoidance *‘rules-of-
the-road” indicating the tum directions, acceleration signs, or climb/descent rates that each
aircraft should select for any arbitrary initial relative state. The strategic analysis optimizes
economics while maintaining safety as the constraint. The strategic conflict resolution
strategy analyzes the geometry of heading, speed, and altitude maneuvers and estimates the
direct operating cost for these maneuvers. In general, altitude maneuvers are the most
economical, followed by heading maneuvers, and finally speed change maneuvers. For
non-cooperative heading maneuvers where only one aircraft maneuvers, it is generally
more economical to turn the aircraft to the backside of the non-cooperating aircraft. For
cooperative cases where both aircraft maneuver, it is generally better to let the faster aircraft
bear more of the burden. The cost and range required for speed control maneuvers make
this an ineffective means of conflict resolution.

Finally, the mechanization of a conflict detection and resolution system is analyzed.
System sources of error and uncertainties are identified, including measurement and
trajectory prediction uncertainties, actuation uncertainties, flight technical errors, and wind
uncertainty. Performance metrics are also identified for the purpose of evaluating the
safety, reliability , and efficiency of the system.
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LLIST OF ACRONYMS

ADS........... Automatic Dependent Surveillance
ADS-B........ Automatic Dependent Surveillance - Broadcast
AERA......... Automated En Route ATC system
AOC........... Airline Operations Center

ATC........... Air Traffic Control

ATM........... Air Traffic Management

CRA........... Conflict Resolution Advisory

CTAS ......... Center-TRACON Automation System
DA............. Descent Advisor

DOC........... Direct Operating Cost

FAA........... Federal Aviation Administration
FAST.......... Final Approach Spacing Tool

FL............. Flight Level

FMS........... Flight Management System

FTE............ Flight Technical Error

GPS........... Global Positioning System

INS............ Inertial Navigation System

LAAS ......... Local Area Augmentation System
NAS........... National Airspace System

NASA......... National Aeronautics and Space Administration
nmi............ nuatical mile

NRP........... National Routing Program

ODAPS ....... Oceanic Display and Planning System

PAZ ........... Protected Airspace Zone

PCA........... Point of Closest Approach

PVD........... Plan View Display

RNP........... Required Navigation Performance
RTCA......... Radio Technical Commission for Aeronautics
SA............. Selective Availability (for GPS)
SSR........... Secondary Surveillance Radar
SUA........... Special Use Airspace

TAZ ........... Tactical Alert Zone

TCAS ......... Traffic alert and Collision Avoidance System
™A........... Traffic Management Advisor

TRACON..... Terminal Radar Approach CONtrol
URET......... User Request Evaluation Tool

WAAS ........ Wide Area Augmentation System



1. INTRODUCTION

Aircraft conflict detection and resolution has a long history of investigation, but with
emerging Free Flight policies, new technologies, and an increased emphasis on economic
and market factors, conflict detection and resolution needs to be re-examined. New Free
Flight policies include the removal of many constraints, such as airways, the reduction in
required separations, and an emphasis on flight crews resolving conflicts without the
assistance of air traffic controllers. New communications (e.g., datalink), navigation (e.g.,
GPS), and surveillance (e.g., ADS, TCAS IV) technologies are becoming available. In the
future, technological advancements will continue to shape tactical close range conflict
avoidance, but strategic far range conflict avoidance will be reshaped by new procedures
and flight operations economics as well as new technology. Additionally, increasing traffic
levels challenge the air transportation system at all levels, including safety and capacity.
Considering all these factors, the underlying guiding principle for today’s conflict detection
and resolution is improved flight economics, with the maintenance of today’s level of

safety as a constraint.

1.1 Free Flight

The FAA is shifting from the current air traffic control (ATC) system to an air traffic
management (ATM) system with a policy referred to as Free Flight [A95, FF95,
RTCA94]. Inen route airspace, the emphasis will be shifted from active to passive ATM
with an ATM policy of intervention by exception. Outside of congested airspace, an
aircraft will be allowed to fly autonomously as long as no other traffic crosses an Alert
Zone around the aircraft, as shown in Figure 1. If the Alert Zone is violated, either 1) an
air traffic controller will intervene to assist in conflict avoidance, or 2) the flight crews will
resolve the conflict autonomously while being monitored by the ATM system. The size and

Protected
Airspace Zone

-

==

Alert Zone
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Figure 1. Free Flight zones around aircraft.
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shape of the Alert Zone has yet to be determined. To ensure safety, no aircraft should
penetrate another aircraft’s Protected Airspace Zone. In Free Flight, expected aircraft
trajectories will be optimal cost flights with adjustments to maintain reasonable time of
arrivals consistent with operating schedules. These flights can be fuel efficient cruise-climb
best wind route trajectories, rather than following the airways as constrained by current
ATM/ATC.

Free Flight will enable greater traffic volume and complexity by distributing some
of the functionality, including conflict detection and resolution, to airborne systems
(including pilots). If there is a potential conflict, two (or more) aircraft must be able to
arrive at a solution for conflict resolution with mutual gain (or mutual minimum loss) and
without the need to contact an en route controller. Thus, decision aiding tools are needed in

Free Flight to detect and resolve conflicts.

1.2 A Review of Conflict Detection and Resolution Literature

Early collision avoidance investigators such as [Mo38, HM70, SM73] examined
maneuvers analytically and developed conflict detection criteria. Most work involved
encounters where only one aircraft maneuvers. A noteworthy early contribution was
Morrel’s [Mo58] predicted time-to-collision criteria, T, computed as range divided by range
rate. Much of the past work dealt with the problem of incomplete tracking data which is
rapidly becoming a non-issue. Nonetheless, this work should not be dismissed. Complex
issues such as maneuver selection, false alarms resulting from measurement error, the

definition of hazard regions, and the definition of “rules-of-the-road” were all addressed.

Today, traffic is strategically ordered to avoid conflicts. Such ordering is achieved
via approach and departure routes, jet routes, the hemispherical altitude rule, step climbs,
and so on. In Free Flight, much of this routing structure will become obsolete, but the
need for conflict avoidance at the tactical and strategic levels will not; it will simply take on

a new form.

Conflicts are currently automatically detected by ATC using a Conflict Alert on the
Plan View Display (PVD) and with an Oceanic Display and Planning System (ODAPS)
Conflict Probe. For the Conflict Alert [No94], lateral and vertical separation filters identify
conflict conditions which alert the air traffic controller by blinking the conflicting pair of
aircraft symbols and sounding an audible alert. ODAPS has a conflict probe that assists
oceanic controllers by providing advance notification of conflicts detected from flight plan

information [N0o94, FAA93]. The conflict probe first identifies candidate pairwise aircraft



conflicts using a coarse filter for proximity and time overlap. A fine filter is then applied for
detailed calculations with respect to a given pair of aircraft. The fine filter outputs “conflict
in” and “conflict out” data that identify the time and location where the conflict starts and
ends, and the type of conflict, including trespassing over reserved airspace, head-on
conflict, intersection conflict, overtaking conflict, or a bad data warning. No conflict
resolution advisories are computed by either of these automation processes; rather, it is the

role of the air traffic controller to solve the conflict resolution problem.

The Conflict Resolution Advisory (CRA) was designed to provide radar controllers
with conflict resolution alternatives in a textual message format [HGT83, CBB92].
Resolutions were limited to vectoring left or right at a specified angle, or
descending/climbing/holding for a specified altitude change. For complex scenarios, the
CRA would not give an advisory. When evaluated by controllers [CBB92], most
controllers used the CRA as a second-hand verification that they were making good conflict
resolutions. Because the CRA could not be trusted for a solution for all cases, some
controllers chose not to use the CRA. This experience demonstrates the need for complete

solutions for conflict resolution, and ones with air traffic controller acceptance.

Close-proximity midair conflicts are currently detected by the Traffic alert and
Collision Avoidance System (TCAS), an airborne based transponder/receiver system [F86,
Ha89, WiS89, BAW94]. TCAS I simply alerts the pilot of an intruder aircraft. TCAS Il is
the current commercial transport version for TCAS; it provides resolution advisories for
vertical avoidance maneuvers only. However, the fundamental t criterion defining the
protected airspace zone for the current TCAS II is shown in Chapter 2 to be insufficient for
the expected separation requirements for Free Flight. TCAS III incorporates horizontal
maneuvers by exploiting bearing rate measurements, however, TCAS III was canceled by
the FAA due to poor antenna performance results. Finally, TCAS IV, which is still being
developed, exploits the precision of GPS and aircraft state information exchange via
datalink. TCAS IV allows for the use of horizontal and vertical maneuvers. TCAS IV
proceeds in the direction of Free Flight, and in the terms of this report, addresses the topic

of tactical collision avoidance.

It is important to look at the current and future NASA and FAA research efforts in
order to understand how any future Free Flight system might integrate into the National
Airspace System (NAS). The trend with NASA and the FAA is to increase the degree of
automation in ATM/ATC and to decrease the constraints imposed. As a step towards Free
Flight, the FAA has established the National Route Program (NRP) [A95]. This program



currently involves over 100 city pairs, and includes a gradual adaptation of Free Flight
concepts phased in at or above flight level FL390 and gradually including lower flight
levels.

A Free Flight system may connect with future ATM by some extension of the
Automated En Route ATC system (AERA) and Center-TRACON Automation System
(CTAS). Higher capacities enabled by a Free Flight system may increase the density of
traffic converging to arrival airports, and this will require such automated en route and
TRACON systems [RTCA94].

The AERA project, developed by the MITRE Corporation, has progressed in stages
[Ni89]. First, AERA 1 investigated conflict detection based on flight plans for pairs of
aircraft with ultimate separation of aircraft remaining with the controller. Next, AERA 2
suggested resolution maneuvers generated through automation, but held the controller
responsible for separation decisions. Finally, AERA 3 investigated fully automated
algorithmic conflict detection and resolution. Multiple aircraft conflicts are handled by
considering pairwise conflict resolutions. The controller performs planning functions but
only participates in separation decisions in anomalous situations. While AERA was
designed for today’s ATC system, it may also provide some useful algorithmic background
for Free Flight.  As a result of the AERA project, the MITRE Corporation is currently
developing the User Request Evaluation Tool (URET). URET is designed to be a
monitoring tool that allows air traffic controllers to investigate potential conflicts that may
occur with pilot requests for flight plan changes [SW95]. While this technology provides
the air traffic controller a tool to investigate conflicts, it does not assist in suggesting
conflict resolution strategies.

CTAS is an automation system for the management and control of arrival traffic
developed by NASA and the FAA [DEG91, Er92, Er95]. CTAS is composed of a Traffic
Management Advisor (TMA) that maintains sequencing and scheduling, a Descent Advisor
(DA) that provides cruise speed and descent clearances, and a Final Approach Spacing Tool
(FAST) that assists the TRACON controllers in spacing arrival aircraft on final approach.
Extensive evaluations of CTAS have demonstrated controller acceptance, delay reductions,
and fuel savings [BE96].

Other innovative approaches to conflict detection and resolution include knowledge-
based system approaches [Da92, Cr83], self-organizing potential field approaches [Eb94],
and agent-based negotiation or principled negotiation [Ste94, WaS94, WaS96]. For
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further review of today’s aircraft/airspace system and ATM/ATC, see [AIM95, No94,
PM89, WaS95].

1.3 Contributions and Report Organization

The objective of this research effort is to examine the topic of conflict detection and

resolution for Free Flight. Our contributions to this field include the following:

e Conflict detection schemes for 2-dimensional and 3-dimensional analysis,
including deterministic and non-deterministic analysis,

e Optimal maneuver charts for heading, speed, and altitude maneuvers that
maximize safety for tactical short range encounters,

e Short range tactical and far range strategic Alert Zone definitions to inform
ATC or pilots of conflicts,

e Minimum cost heading, speed, and altitude control maneuvers for far range
strategic encounters,

e Efficient proximity management of aircraft based on Delaunay
Triangulations, and

e Examination of the implementation issues for a Free Flight conflict detection
and resolution system.

The remainder of this report is organized as follows. Chapter 2 outlines the system
analysis approach, including a tactical/strategic decomposition scheme, cooperative and
non-cooperative scenarios, and cases for heading, speed, and altitude modes of control
maneuvers. Chapter 3 presents the derivation of the equations for conflict detection
criteria, both in two and three dimensions. Chapter 4 presents tactical conflict resolution
strategies, and Chapter 5 presents strategic conflict resolution strategies. The treatment of
measurement and trajectory actuation errors and implementation issues are discussed in
Chapter 6; and conclusions and recommendations are stated in Chapter 7. References cited

throughout this report are listed at the end.






2. SYSTEM ANALYSIS

In this chapter, an analysis of a conflict detection and resolution system is presented. This
work includes the description of a candidate system architecture, a tactical/strategic problem
decomposition, considerations of cooperative and non-cooperative cases, and a breakdown
of different modes of control. Finally, the equations of relative motion for a two aircraft
system are presented.

2.1 System Architecture

A candidate system architecture is proposed that is appropriate for Free Flight and recent
technologies. This candidate system architecture is shown in Figure 2, and is composed of
a proximity management system, a conflict detection system, a conflict resolution system,
and a display management system. The proximity management system maintains aircraft
identification and state information for a given sector of airspace. The conflict detection
system identifies conflicts based on proximity data and computational analysis. The conflict
resolution system uses both the proximity management system and conflict detection
system to initialize conflict resolution, and analyzes the situation for a computed solution.
The display management system communicates traffic information, conflicts, and conflict

resolution advisories to the pilot and/or air traffic controller.

a R
Aircraft Traffic
Proximity Management Traffic,
/ \ Conflict Detection,
and Resolution
Conflict Detection |umsd Conflict Resolution Display

N /

Figure 2. A top level description for a candidate conflict detection and resolution system.

The system architecture is not constrained to either an all-airborne system, mixed-
airborne and ground-based system, or a ground-based system. We do not include any of
these application specific considerations in our theoretical analysis until Chapter 6, which
discusses implementation issues. However, in general, if the system is an all-airborne
system, proximity management information will most likely be passed from aircraft to
aircraft in an Automatic Dependent Surveillance - Broadcast (ADS-B) type datalink system.



With no ground-based component to compensate for unequipped aircraft, all aircraft would
be required to possess datalink and Global Positioning System (GPS) capabilities to form
the basis for aircraft proximity information. Conflict detection and resolution algorithms
would be retained in flight management system (FMS) computers, and the display would
be a pilot cockpit display.

If the system is a mixed or ground-based system, any or all of these components
can be located on the ground. Ground-based radar could compensate for unequipped
aircraft without datalink and GPS capabilities. Furthermore, ground-based systems could
provide a proximity management system that links all aircraft to ATC as well as to Airline
Operations Centers (AOCs).

Conflict detection and resolution analysis can be performed either on the ground or
in the air, and communicated to the appropriate aircraft through today’s radio
communications techniques or datalink communications. In a mixed system, displays
would exist for the pilot as well as for ground-based ATC/ATM/AOC.

2.2 A Tactical/Strategic Decomposition

In our research, conflict scenarios are divided into two categories: near-range conflicts
which cannot be avoided without immediate action and long-range conflicts which can be
smoothly resolved so that they never become near-range threats. We refer to these as
tactical and strategic encounters, respectively; we refer to the maneuvers that resolve them
as conflict resolution maneuvers. In our technical approach, we first investigate how
tactical encounters should be resolved, and then consider strategic encounters. There is

considerable overlap between these two areas, but there are also important differences.

One difference between the tactical and strategic cases is that additional conflicts
with neighboring traffic are more likely in strategic maneuvers. This is because strategic
maneuvers take more time and airspace to perform. While the two-aircraft scenario can be
used to approximate strategic maneuvers, they cannot be fully analyzed without looking at
expected traffic patterns. This requires that strategic maneuvers be tested in a simulation to
determine their true cost, and that traffic congestion problems for strategic maneuvers be
sufficiently addressed. Our technical approach calls for both analysis and simulation.

Another significant difference between the tactical and strategic cases is that
measurement and trajectory uncertainties become more important in the strategic case. For

tactical cases, both aircraft are more likely to be experiencing the same wind conditions,



and the time required to resolve conflicts is small, thus allowing trajectory uncertainties less
time to build up. In comparison, the strategic scenario occurs at far range when both
aircraft may be experiencing different wind conditions and the time for trajectory

uncertainties to propagate is much larger.

2.3 Cooperative and Non-Cooperative Cases

The intruder aircraft may cooperatively maneuver to assist in increasing the miss distance,
may be non-cooperative and execute no maneuver, or may blunder and execute a maneuver
that reduces the miss distance. We investigate both cooperative maneuver and non-
cooperative cases, and assume that the Alert Zone size and shape will provide a sufficient
safety factor to account for the blundering intruder aircraft. For the non-cooperative case,
we assume that the intruder has a constant-velocity vector. For the initial analysis, we
assume that wind conditions are the same for both aircraft. This assumption is more
appropriate for tactical situations; thus, wind variations are only considered for the analysis

of missed and false alarms for strategic situations.

2.4 Horizontal, Vertical, Speed, and Combined Control

Three fundamental controls for maneuvers can be used (alone or in combination) to avoid a
conflict: tumn (horizontal maneuvers), accelerate/decelerate (speed control maneuvers), and
climb/descend (vertical maneuvers). In general, turns result in the greatest miss distance in
the long term. For example, an aircraft maneuvering laterally with an acceleration of 0.5g
can achieve a turn displacement of approximately 3200 feet in 20 seconds. An aircraft
with a maximum climb rate of 2400 feet per minute (typical of commercial jet transports)
can attain a vertical displacement of only 800 feet in the same time period.

Vertical maneuvers do provide more separation than a turn, however, for a very
short time period after the maneuver is initiated. More importantly, because vertical
separation minimums are significantly less (currently by a factor of 15 for en route flight)
than horizontal minimums, vertical maneuvers fare better when the basis of comparison is
not absolute separation, but separation relative to the appropriate Protected Airspace Zone
minimum. This vertical maneuver advantage will likely be reduced because horizontal
minimums have more potential reduction than the vertical minimums — aircraft horizontal

locations will be known more precisely in the future.

Of course, separation resulting from both turns and vertical maneuvers depend on

the maneuver rates (lateral acceleration and altitude rate, respectively). But in general, a
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vertical maneuver provides greater separation initially, and then the turn catches up and
provides greater separation in the long term. Speed control provides the least separation
over a given time span of the three maneuver types. A summary of the types of controls
and generic initiation times is given in Figure 3. This report includes a complete analysis of

conflict resolution strategies by considering all three control options.

;/“

Y
Intruder { .-~

Aircraft /< bNtwe /o

i~ | City Own
Protected ~—— Ran\ )
Airspace Zone 8e \i:iﬂ

Maneuver Option ! Generic Time Line s
» Strategic Maneuver Range q
* Tactical Maneuver Range — |
Controls : ?
¢ Speed Control Initiated I
* Turn Initiated { | ‘
» Altitude Change Initiated ——3 :

» Combined Maneuvers Initiated |[_____]

Figure 3. Comparison of effective initiation times for several modes of control.

2.5 Equations of Relative Motion

Relative to the own aircraft A, the equations of motion of the intruder aircraft B can be

expressed in polar coordinates as [SM73]:

Range Equation: r=-v,cos@+v,cos(8-¢) (1

Bearing Equation: p=-w, + l[vA sing+v,sin(@—¢)]  (2)
r

Relative Heading Equation: f=w =W, (3)

Relative Altitude Equation: z=06v, - v, 4)



1]

where, as shown in Figure 4, r is the range, v, and v, are the speeds of aircraft A and B

relative to an inertially fixed reference, 8 is the heading of aircraft B relative to the heading

of aircraft A, ¢ is the angle-off from aircraft A to aircraft B, @, and ®, are the turn rates

of aircraft A and B, and v, and v, are the vertical speeds of aircraft A and B.

Additionally, x, v, and : locate the intruder aircraft B relative to the moving reference frame

fixed in the own aircraft A, as shown in Figure 4. Throughout this report, the speed ratio

parameter, defined as:

Y=ve/Vv,

is commonly used as a basis of comparing results.

:
. /
Inertial /
Reference MOvjng R
Frame eference F
> Tame
Figure 4. Relative geometry of two aircraft in a horizontal plane.

(5)






3. CONFLICTDETECTION

In this chapter, we discuss aircraft separation requirements, several candidate conflict

detection criteria, and a method for aircraft proximity management.

3.1 Separation Requirements

Today’s separation standards are in part because of the accuracy of today’s radar systems
and displays. For domestic en route flight, current separation standards call for 5 nmi
horizontal and 2000 ft vertical separation (1000 ft at or below FL290), as illustrated in
Figure 5. Approach control standards are 3 nmi horizontal and 1000 ft vertical separation.
Vertical separation standards today are influenced by the inherent errors in baro-altimeters.
Domestic en route horizontal separations are set at S nmi because of worst case
uncertainties of radar trackers where error grows with range from the tracker; this is
reduced to 3 nmi inside the TRACON where range from the tracker is usually less than
50 nmi. In Free Flight, aircraft will be equipped with GPS navigation augmented by INS
and WAAS or LAAS differential corrections. This will allow aircraft to operate at Required
Navigation Performance (RNP) 5-¢ horizontal and vertical error limits of well below 1 nmi
and 200 ft. This will also allow the implementation of Automatic Dependent Surveillance-
Broadcast (ADS-B) where aircraft regularly report their position, velocity, and intent to

other aircraft and to the ATM system. Thus, both navigation and surveillance errors that are

40 450

‘2000 ft.

FL290

Figure 5. The current separation standards viewed as a Protected Airspace Zone for
Free Flight (taken from [ADK96] with permission from the authors).
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typical of today’s flights will be greatly reduced leading to smaller separation constraints.

Today’s separation standards are also established based on acceptable levels for the
probability of unobserved close approach — a safety measure. As shown in Figure 6,
today’s Secondary Surveillance Radar (SSR) requires a 5 nmi horizontal separation to
ensure a safe probability of no conflict between en route aircraft with crossing paths; the
corresponding GPS-based system would require only 0.5 nmi separation for the same level
of safety [Ga%96]. The SSR used for today’s terminal area requires a 3 nmi horizontal
separation standard; the corresponding GPS-based system would require only 1 nmi
separation for the same level of safety [Ga96]. With these reduced levels, the limiting
factor is expected to be based on wake turbulence effects and flight technical errors more
than on surveillance position uncertainty considerations. As GPS-based aircraft proliferate,
separations standards will most likely be reduced in steps, perhaps from S nmi to 3 nmi to
| nmi and then to 0.5 nmi. In [Ga96], it is shown that reduced separation standards can be
implemented holding the current level of safety constant as long as the percentage of GPS-
based aircraft increases accordingly. Finally, separation standards might also differ for
aircraft that are radar-tracked versus aircraft that report GPS-based proximity information.

- ~« - _ SSREn Route

GPS (BA off) . n

0 1 2 3 4 5
Separation Standard (nmi)

Figure 6. The probability of lateral overlap (unobserved close approach) as a function of
horizontal separation standard; dotted lines represent today’s separation
standards for 5 nmi en route and 3 nmi terminal area (taken from [G96] with
permission from the author).
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3.2 Conflict Detection Criteria for Tactical Scenarios

Separation standards establish the size and shape of the Protected Airspace Zone and a
conflict criterion for Free Flight. As shown in Figures 5 and 7, a constant horizontal and
vertical separation standard establishes a cylindrical Protected Airspace Zone volume. To
ensure safety, no aircraft should penetrate another aircraft’s Protected Airspace Zone.
Consider the situation when two aircraft traveling with constant speeds are oblivious of
each other, and will engage in a crossing encounter. Figure 7 shows how the relative
motion of the two aircraft can be analyzed by investigating the dynamics of the intruder
aircraft B with respect to the own aircraft A. A conflict exists if an aircraft flies into the
Protected Airspace Zone. A conflict detection mechanism should include an alert zone to
warn of an impending conflict. The time-to-go for penetrating the Protected Airspace Zone
volume, the time to closest approach, or other criteria may help define such an alert zone.

Several candidate tactical conflict detection alert zones are next considered for Free Flight.

Protected
Airspace
Zone

Figure 7. Conflict detection for Free Flight.

The first conflict detection criterion considered is based on a time-to-go alert zone
around the Protected Airspace Zone. For comparison with other conflict detection criteria,
Figure 8 illustrates the Protected Airspace Zone in the horizontal plane, and an alert zone.
The alert zone identifies the location of the intruder 30 seconds or less from penetrating the
Protected Airspace Zone of the own aircraft A. The alert zone is illustrated in a relative
frame of reference with respect to the own aircraft A. By definition, this alert zone
boundary resides outside the Protected Airspace Zone and is based on constant relative

motion between the two aircraft. Thus, it makes a good candidate for a tactical conflict



16

detection mechanism for Free Flight, but has limitations for maneuvering or blundering
aircraft — aircraft which happen to maneuver in a way that exacerbates the conflict. In the
next section of this report, a two-dimensional analysis in the horizontal plane and a general

three-dimensional analysis are performed for this conflict detection criterion.

Another alert zone can be based on the maneuver time required for conflict
resolution. The time to the Protected Airspace Zone does not necessarily indicate if both
aircraft can maneuver within the remaining time to avoid a conflict. In Chapter 4, we will
determine a Tactical Alert Zone that indicates the last opportunity to start maneuvering to
avoid a conflict. Since this is the last chance to maneuver, a conflict warning could be
given T seconds prior to this last chance to maneuver. Figure 9 illustrates a 30 seconds or
less alert zone warning before the last chance to maneuver. In general, this alert zone will
be outside the 30 second warning for the Protected Airspace Zone. This conflict criterion
makes a good candidate for a tactical conflict detection mechanism for Free Flight,
assuming that both aircraft will cooperate in conflict resolution (neither aircraft will
blunder).

Free Flight Conflict Detection Free Flight Contlict Detection

| 30 sec. Alert Zone 30 sec. Alert Zone  _

10

Protected \
Airspace Zone

Relative y
o
Relative y
o

Protected
Airspace Zone

-10 -5 s} 5 10 -10 -5 0 5 10
Relative x Relative x

Figure 8. A horizontal Protected Airspace Zone conflict warning region for Free Flight.
A 6 =60° heading difference (left) and a 8 = 120° (right) heading difference is
shown in a moving reference frame including the Protected Airspace Zone and
zero range rate line (indicated by +/-).
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Free Flight Conflict Detection Free Flight Conflict Detection
10k 30 sec. Alert Zone 10t 30 sec. Alert Zore ™ T ~
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Figure 9. A horizontal Tactical Alert Zone conflict warning for Free Flight. The outer
boundary identifies 30 seconds prior to the last chance to successfully maneuver
around the Protected Airspace Zone — shown by the inner boundary. A 8 = 60°
heading difference (left) and a 8 = 120° (right) heading difference is shown in a
moving reference frame including the Protected Airspace Zone and zero range rate
line (indicated by +/-).

For comparison, the TCAS 1I threat boundary is also examined. While the precise
criterion for a conflict in TCAS II is multi-faceted (see [F86] for details), the basic
“t criterion”, for which TCAS II logic is derived, can be readily depicted in the horizontal
relative motion plane. Figure 10 illustrates the threat boundary for the 1 criterion based on
a T = 30 second warning. The 1 criterion, computed as range divided by range rate, does
not incorporate bearing measurements nor does it incorporate the horizontal separation
requirement. Notice that, depending on the relative motion, the TCAS II threat boundary
may or may not reside outside the Protected Airspace Zone. Thus, it does not make a good

criterion for tactical conflict detection for Free Flight.

Another alternative conflict detection criterion can be based on the time-to-go to the
Point of Closest Approach (PCA). Figure 11 illustrates the alert zone boundary for a
30 seconds or less time-to-go to PCA criterion. Once again, notice that depending on the
relative motion, the threat boundary may or may not reside outside the Protected Airspace
Zone. This time-to-go criterion, like the 1 criterion, is a poor candidate for Free Flight

because it does not directly incorporate the horizontal separation requirement.
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TCAS i Conflict Detection TCAS Il Conflict Detection
10h 30 sec. Alert Zone 101 30 sec. Alent Zone i
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Figure 10. Horizontal conflict warning region for the 1 criterion in TCAS II. A 6 = 60°
heading difference (left) and a & = 120° (right) heading difference is shown
in a moving reference frame including the Protected Airspace Zone and zero
range rate line (indicated by +/-).

Fixed Time-To-Go Conflict Detection Fixed Time-To-Go Conflict Detection
10 80 sec. Alert Zone 10b 30 sec. Alert Zone
A
w N
5t 13
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2 Airspace Zone 2 \ .
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[) @
@ c Protected
Airspace Zone
5+ .5t
-0+ 10 F
-10 -5 0 5 10 -10 -5 0 5 10
Relative x Relative x

Figure 11. Horizontal conflict detection based on time-to-go to the point of closest
approach. A 6 = 60° heading difference (left) and a & = 120° (right) heading
difference is shown in a moving reference frame including the Protected
Airspace Zone and zero range rate line (indicated by +/-).
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A reachability criterion can also be used for tactical conflict detection. Several
variations are possible. The first reachability criterion is based on checking the overlap
between the locus of all possible points that each aircraft can be in the next T seconds, as
shown in Figure 12. As shown later, this criterion is very conservative and has a high
false alarm rate. Second. a reachability criterion which includes the Protected Airspace
Zone (PAZ) 1s also a candidate conflict criterion. Consider the definition suggested by the
RTCA Committee on Free Flight [RTCA94]:

“For a given look ahead time 7, the Alert Zone is the locus of all possible

Protected [Airspace] Zones of the aircraft at time T.”

If another aircraft crosses into this alert zone boundary, then a conflict occurs. This
definition considers only the reachability of a single aircraft, and the intent of the aircraft is
not considered. This definition may be slightly modified to account for intermediate
locations of the aircraft by including the locus of all possible PAZ regions from any given
time up to and including time T into the future. Figure 13 illustrates both this RTCA
definition and this intermediate location definition. These two reachability definitions can
be considered worst-case criteria, and may be applicable in situations where the intruder
aircraft is non-cooperative, blundering, or is already engaged in a maneuver. Later, in
Chapter 4, it is shown that such reachability conflict alert zone criteria could be useful in

solving multiple aircraft conflict scenarios.

Reachability Conflict Detection Reachability Conflict Detaction
10} 1 10t 9
\ “
’ '}
5t 1 5r q
> >

5 5

10 10
-10 -5 0 5 10 -10 -5 [¢] 5 10
X {nmi.) x (nmi.)

Figure 12. Horizontal conflict detection based on aircraft reachability. A 8 = 60°
heading difference (left) and a 8 = 120° (right) heading difference is shown
in an inertial reference frame identifying the locus of possible locations for
each aircraft.
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Reachability Conflict Detection
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Figure 13. Horizontal conflict detection based on reachability of the Protected Airspace
Zone. The locus of all Protected Airspace Zone volumes at time 7=30
seconds (left) and the locus of all Protected Airspace Zone volumes from
time 7=0 seconds up to and including time 7=30 seconds (right) are

compared.
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Figure 14. The locus of all possible Protected Airspace Zone locations after time
T=3 minutes (left) and up to and including time 7=3 minutes (right).
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For strategic scenarios, the concept of a conflict detection should take into account

separation standards as well as trajectory uncertainties due to wind variations, measurement

errors, and actuation variations (flight technical errors).

As shown in the example in

Figure 15, if no errors were to occur, the relative motion of an aircraft far away in a

strategic scenario can be classified as a conflict situation for a long narrow conflict region,

the region thickness being equal to the diameter of the Protected Airspace Zone. However,

when uncertainties are introduced in the initial relative position, velocity, and heading, the

same relative aircraft geometry indicate a small 0.25 probability of a conflict. At a far
range, there is a greater probability that the aircraft miss the Protected Airspace Zone than

penetrate it. The development of such a non-deterministic analysis is presented later in

Section 3.5.

Strategic Conftict Detection

Probability of Conflict

e
5
80+ e
, Conflict #
701 No Conflict - . ’

No Conflict

y (nmi}

o] 20 40 60 80
X {nmi})

-10

20

40 60
x (pmi)

80

Figure 15. The deterministic strategic conflict region (left) for very large prediction
times to closest approach and a non-deterministic strategic conflict region
(right) based on the probability of a conflict given likely uncertainties in
position (O'p = 100 m), speed (0, = 10 m/sec), and heading (O'V, = 10°).

For strategic conflict detection, the avionics (or ATM ground system automation)

must project the aircraft trajectories ahead in time out to, say, 20 minutes, where both

aircraft may be experiencing vastly different wing conditions. At jet aircraft speeds, a

20 minute prediction could involve aircraft that are initially 400 nmi apart. The wind
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variation over this range can be significant, especially in frontal conditions or near the jet
stream. A 6 kt head wind error relative to the forecast in use for one aircraft could produce

a 12 second error in the time to the point of closest approach or a range error of 2 nmi.

The second type of trajectory prediction error considered is due to navigation error.
Even though augmented GPS will probably be used, there will still be error within the
RNP equipment that is on each aircraft in the conflict. In particular, the measured velocity

error has a significant effect on the projected crossing of two aircraft trajectories.

The third type of trajectory error is due the fact that the pilot (or autopilot) will not
steer the aircraft perfectly along the intended flight plan; the variation between the state at
which the navigation system depicts where the aircraft should be relative to the actual
measured state is commonly referred to as flight technical error FTE. Lateral and vertical
variations in position cause the aircraft to take longer to reach a certain point. Variations in
airspeed, along with head wind variations from the wind forecast being used, affect arrival
time at any future point. Thus, the strategic logic must be robust to errors in the wind field
data, navigation state measurement, and FTE effects in terms of the dynamics used to

project the trajectory outcomes.

3.4 Two-Dimensional Horizontal Deterministic Conflict Analysis

For the two-dimensional analysis, assume the motion of the two aircraft remains in a
horizontal plane at a fixed altitude and that each aircraft flies without sideslip. The

geometry is illustrated in Figure 16, where r is the range, v, is the speed of the own

aircraft A, v, is the speed of the intruder aircraft B, € is the heading difference between

Vg Zero Range
7] Rate Line
‘A

Relative

R Motion Line

Pure ~ .

Collision™ PCA (Point of Closest Approach)
Line

A Moving Reference
Frame
(¢ shown negative)

Figure 16. Relative motion of two oblivious aircraft in a horizontal plane.



23

aircraft B and aircraft A, and ¢ is the angle-off from aircraft A’s velocity vector to
aircraft B. The heading of each aircraft is in the direction of the velocity vector, since the
sideslip angle is assumed to be zero. The variables x and v locate the aircraft B relative to
the moving reference frame fixed in aircraft A.

Depending on geometry, the situation may represent a pure collision, a near miss,
or no conflict. Two critical factors to analyze are the zero range rate line where 7 =0 and
the range at closest approach. When the range rate is negative, future positions may lead
the intruder aircraft closer to a conflict. In the moving reference frame, the zero range rate
line is at a bearing angle 3, defined by the relation:

Vg sinf

(6)

cosfB, =

2 2
\/VA +vg” —2v,vgcosf

where, as shown in Figure 16, v, is the speed of the own aircraft A, v, is the speed of the

intruder aircraft B, and 6 is the heading difference between aircraft B and aircraft A. The
relative motion of aircraft B will follow a trajectory perpendicular to the zero range rate line.
A pure collision results if this trajectory is perpendicular to the zero range rate line at the

origin, as shown in Figure 16. A conflict occurs if the miss distance r;, occurring at the

Point of Closest Approach (PCA), is less than the Protected Airspace Zone radius; the
miss distance can be calculated from the equation:

r, = rcos(ﬁf =) (7)

where r is the initial range, ¢ is the angle off, and B, is the bearing angle. A definition for

the miss distance as a vector 7, is:
F,=Cx(Fx0¢) (8)
where and 7 is the vector locating aircraft B with respect to aircraft A, and ¢ is the unit

vector in the direction of the relative motion vector ¢ :

where c=v,-v,. )]

[aY}

The time-to-closest-approach 7 is analyzed next. From analytic geometry:
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rsin(B, - ¢)

T = .
2 2
\/vA +vy —=2v,v,cos0

(10)

In vector notation, the time-to-closest-approach is equivalently defined:

Foé
T=-—0. (11
el

The time-to-closest-approach is different from the classical definition of Morrel’s [Mo58]
predicted time-to-collision criteria, computed as simply range divided by range rate. To use
a time-to-closest-approach criterion for conflict detection, accurate bearing measurements
must exist and are available today with GPS and datalink technologies. In previous
systems, accurate and timely bearing measurements were not available, leaving range and
range rate for computing a time to a potential collision. Note that in comparison, the time-
to-closest-approach becomes zero as the intruder aircraft crosses the zero range rate line,
but the time-to-collision criteria approaches a singularity.

The relative motion of two aircraft may be analyzed by looking at relative motion
charts for various heading differences, as shown in Figure 17. Relative motion charts
become the basis for creating maneuver charts for conflict resolution, as developed later in
Chapters 4 and 5. In Figure 17, neither aircraft performs a control action for conflict
resolution; the notation A, B, denotes that no control (0 turn rate and no speed change) is

being performed by aircraft A and aircraft B.

The orientation of the zero range rate line can be examined for various heading
differences as shown in Figure 18. Most aircraft speeds will be within the range: 100 < v
< 550 kts, so throughout this report computations and examples are performed with the

speed ratio in the range: 3 <7y <6, with speed ratios near ! being most typical. Finally,

note that there is a singularity in the equation for the zero range rate line at zero heading
. . . n . .

difference @ =0, where the bearing is f, = i—2—, unless ¥y =1, where there is no solution

(both aircraft are flying parallel to one another with the same velocity).
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Figure 17. Relative Motion Charts for oblivious aircraft (speed ratio y =1).
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Figure 18. A plot showing the relationship from Equation (6) between the angle 8 s
of the zero range rate line and the heading difference angle 8; curves are
shown for various speed ratios: y =v,/v,.

3.5 Two-Dimensional Horizontal Non-Deterministic Conflict Analysis

As mentioned previously for the application of strategic scenarios, the concept of a conflict
detection may also be modeled with a non-deterministic analysis. The implicit assumption
is that a non-deterministic approach may be better than a deterministic approach when
considering false alarm rates and missed detections. When the intruder aircraft is far away,
the non-deterministic approach will identify that an actual conflict has a low probability,
thus reducing the false alarm rate. When uncertainties are introduced in the initial relative
position, velocity, and heading, the probability of a conflict can be considered in

comparison to the precise geometric definition of a conflict from the deterministic approach.

The non-deterministic analysis assumes that the relative state information is known
stochastically. The location, speed, and heading of aircraft are assumed to be normally
distributed around measured or reported values, and these values are assumed to be held
constant during the entire time of the encounter. The error sources are assumed to be
independent, and the error characteristics of the two aircraft are assumed to be identical, to
simplify the analysis.
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As discussed with the deterministic approach, a conflict is defined for the two
dimensional horizontal plane when the horizontal separation standard is violated. In a non-
deterministic analysis, the probability of a conflict is determined by evaluating the
probability P that the miss distance r,, occurring at the Point of Closest Approach (PCA),
is less than or equal to the Protected Airspace Zone radius R:

P(conflict) = P( I <R) (12)

This probability can be computed for a range of initial conditions of aircraft B relative to

aircraft A to form a conflict probability map.

One method for constructing a conflict probability map is to use Monte Carlo
simulations. A grid is formed by discritizing the relative location (x,y) of the intruder
aircraft B relative to aircraft A. Normal (Gaussian) distributions are used to model the
position, velocity, and heading variables. A simulation propagates the motion of each
vehicle to the point of closest approach and statistics can be enumerated for the probability

of a conflict. An example is given in Figure 19, where the aircraft measurement

Probability of Conflict

T T T T A
V“
4075
Or AN 1
-5 \x / 1 A s i
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X (nmi)

Figure 19. The conflict probability map derived from Monte Carlo simulations.
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uncertainties for both aircraft are: the standard deviation on position 0p =100 m, the
standard deviation on speed 0, = 10 m/sec, and the standard deviation on heading

oy =5° This technique is used by Kuchar, ef al, in conflict avoidance applications
[Ku96, YaK97].

Alternatively, instead of using Monte Carlo simulations, analytic expressions can be
used to establish probability maps. If one were to assume that the motion of each vehicle
proceeds with a constant velocity, equatior “7) or (8) can be applied to determine the point
of closest approach, eliminating the ne. o propagate simulations. By mathematically
analyzing a miss distance equation, the mean and error variance for the miss distance can
be established. First, the miss distance is represented by taking the vector norm of
equation (8):

rp=léx (Fxé) =ré, -re, (13)

where x and y subscripts represent the x-component and y-component of the relative
position vector 7 and relative motion unit vector ¢. Furthermore, these vector components

can be represented:

rx:rxﬂ_r,rA’ (14)
r=r,o=n., (15)
~ vX - vX
¢, = 2 4 , and (16)
\}(v"a - v‘A )2 * (v,“e - v."A )2
A v, =V,
8 A , (17)

cC. = - -
¥ 2 2
\/(V~‘B - v‘A ) * (v.“n - vva )

where subscripts A and B correspond to aircraft A and aircraft B. By substituting equations
(14) through (17) into equation (13) the miss distance can be expressed in the form:

r, = (r‘a - rl’A )(v.VB - v."A ) - (’;’n - ’j"A )(v"n - v“'A )

: (18)
\/(vxa - vIA )2 * (v.\'n - v}'A )2

Next, the form of equation (18) is a non-linear function f of eight random variables:

rf = f(r"A ’ rxn ’ rH ’ r,"n ’ v"A ’v"’a ’ v.“A ’v.“ﬂ ) (]9)
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A general function of n random variables:

2= f(x,%5,..,X%,) (20)

can be approximated to the first order by expanding a Taylor’s Series about the mean
values of the random variables:

z:f(fl,fz,...,fn)+i'g—(x,—f,.)+H.O.T. (21)

i=1 i

where H.O.T. stands for Higher Order Terms. Equation (21) can be approximated with

the first order approximation:

- - vIo v
2= f(X),%y,0.0X,)— Y} —X, + ) —x, (22)
(RFor®) = B gax,

where the first two terms are composed of deterministic variables, and the last (summation)

term is composed of random variables. Next, for a set of mutually independent random
variables x;:

Var(i'a,.x,.) = iafVar(xJ. (23)
i=] i=1

Applying equation (23) to the general expression of the miss distance, equation (19), gives

the result:

Var(r,) = (ﬁf—)ZVar(r )+(2rL)ZVar(r ) (24)
=13, T

X4 Va

A2 Var(r, )+ (%)2 Var(r, )

Xp AY]

iy vare ) e ( Ty Var(v. )
EY SIS

XA Ya

+ (ﬁ)2 Var(v, ) + (ﬂ)2 Var(v, ).
(9\/ X3 3v Y]

Xg Ys

The partial derivatives of equation (24) are determined from equation (18), for example:
arf - _(v)‘a _ v"A )
I, Jo, v ), v

(25)
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This equation (25) and the other partial derivatives in equation (24) further simplify to:

or, . ar, ar, . ar, . 26)
_— = —C._, —:(’ —:C; ———:—C;

8"‘ ) Al ary . R (9]‘( , Al . X

8"’, s arf ~ 8rf - arf ~ (27)
—_— = S _— = —C T. -— =—-C T’ __':CT’
av | " av " 3 av x 9‘) ¥

where 7is the time-to-closest-approach, defined earlier by equation (10) or (11).

The variances of the random variables are determined next. Assume, for
convenience, that the x and y-components of the GPS horizontal position, and similarly
velocity, are independent. In reality, their independence is a function of the number and
geometry of the visible GPS satellites (even when it is assumed that the pseudorange
measurements and range rate measurements are separately (approximately) independent).
Also assume that both aircraft will use the same type of receiver (such as a six-channel
receiver) and are relatively close (within several hundred miles). Then it is also reasonable
to assume that both aircraft will see the same GPS satellites and experience the same GPS

position and velocity accuracy. Then, the standard deviation of the position measurement

error o, is the same for both aircraft;

Var(r,) = Var(r‘,) = 6;' (28)

If the velocity measurements are provided in the form of velocity vector components, then

assuming the same accuracy in both component axes, the standard deviation of the velocity
measurement error o, is the same for both aircraft:

Var(v,) = Var(v,) = o;. (29)

Using equations (28) and (29) and substituting the equations for the partial derivatives in
equation (26) and (27) into equation (24) gives a simple equation for the variance of the
miss distance:

Var(r,) = 20, +20l7’. (30)

However, if the velocity vector measurements are given in terms of speed and heading,

then the analysis is different. Given the velocity vector of aircraft A or B is in the form:

V=v X+v y=vsinyx+vcosyy, a3n

X

then the variance of the x-component of velocity is:
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4 ) Var(y), (32)
dy

Vanv,) = (%)3Var(v') +(

and after evaluating the partial derivatives in equation (32), the expression simplifies to:

Varn(v) = (siny) o’ + (vcosl//)lo'j, O'f‘ , (33)

where o, andoy, are the standard deviations of the aircraft speed and heading measurement

errors. In a similar manner, the variance of the y-component can be shown to be:
_ 2 2 : 2.2 2
Var(vy) = (cosy) o, +(-vsiny) c,=0,. 34)

Finally, the variance of the miss distance using equations (33) and (34) for both aircraft A
and B results in:

Var(r,) = 20; + é_ftz(ojvx + ogv‘ )+ éfrz(cjv‘_ + o;w ), (35)

where the subscripts A and B are important to note since different speeds and heading
angles w4 and yp will most likely exist in equations (33) and (34) when applied to both
aircraft.

The probability of a conflict is determined next. Given the mean of the miss
distance 7, and the variance of the miss distance Var(r,) = 0',2, , the probability of a conflict

is determined by integrating the area under the probability distribution function between the

locations that correspond to -R and R:

[ R (x-ip )
P(conflict) = e 9 dx. 36)
(conflict) = —= / (
x~-r,
Figure 20 shows an example. Next, using a change of variable u = NG L and the
(o)
Gaussian error function erf{x) :
erf(x) = —2—]e_": du 37
N, ’
the probability of a conflict is given by:
Plconflict) = erf (ot 4 Lerp BT (38)
conflict) = —e +—e .
2 «/forl 2 20

Ty
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Figure 20. The miss distance probability distribution function is used to determine the
probability of a conflict (shaded area) compared to the probability of a non-
conflict (non-shaded area).

An example using this analytical method for determining non-deterministic conflicts

is given in Figure 21. In this example, the aircraft measurement uncertainties for both
aircraft are: the standard deviation on position 0, =100 m, the standard deviation on

speed 6, = 10 m/sec, and the standard deviation on heading Oy =5° Note the similarity

between the Monte Carlo simulation results in Figure 19 and the analytic method in

Probability of Conflict
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Figure 21. The conflict probability map using the analytic analysis.
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Figure 21. The benefit of the analytic method is that it does not require repeated
simulations to establish statistics for the probability of a conflict.

The analytic method for establishing the conflict probability map may also be used
to establish Strategic Alert Zones. The notion of an Alert Zone was first introduced in
Chapter | and an example was shown in Figure 1. For an airline, a Strategic Alert Zone
may determine when the probability of a conflict is high enough for the airline to initiate a
strategic maneuver. For the Alert Zone as defined by Free Flight air traffic controller
intervention, there may be yet another probability of conflict which is sufficiently high that
air traffic controllers may want to intervene. The research necessary to determine what
these probabilities should be is not covered in this report. However, for an example, if an
airline were to establish that no action should be taken by one of their pilots unless the
probability of a conflict is greater than 50%, then the Strategic Alert Zone in Figure 22
would result for the given measurement uncertainties described previously for Figure 21.

Such a Strategic Alert Zone may also be interpreted as a strategic conflict detection

mechanism.
Strategic Alert Zone
100 — . . r r
0 h
8o} * 1
70t No Contflict 1
-’é‘ J
£
>
No Conflict 1
0 20 40 60 80 100

X (nmi)

Figure 22. A Strategic Alert Zone defined by a 50% probability of conflict.
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3.6 Three-Dimensional Deterministic Conflict Analysis

For the three-dimensional analysis, any arbitrary relative motion may exist for the two
aircraft. The geometry for the three-dimensional relative motion is illustrated in Figure 23.
Two geometric planes are described. First, a horizontal plane A passes through aircraft A;
this plane bisects the Protected Airspace Zone cylinder and is perpendicular to the cylinder
axis. A second plane is a skewed relative motion plane AB defined by the two aircraft
velocity vectors v, and ¥,. The surface normal for the relative motion plane AB is defined
by the vector cross product ¥, X v,. The relative motion remains in the relative motion

plane since conflict detection analysis assumes that both aircraft hold their velocity vectors
constant.

Variables defined in the moving reference frame locate the intruder aircraft B
relative to aircraft A. A moving reference frame is fixed to aircraft A with the %-axis and
y-axis residing in the horizontal plane A. If the velocity of aircraft A were to reside in the
horizontal plane A, then the X-axis would be directed toward the right wing, and the v-
axis would be directed from the aircraft center out the aircraft nose. However, the
aircraft A may have a velocity vector that pitches out of the horizontal plane A; so the V-
axis and the velocity vector my not necessarily align. It is assumed that neither aircraft is
banked from horizontal before a conflict resolution maneuver, so the %-axis should always

align with the direction of the right wing of aircraft A. The 2-axis is defined such that %,

Loy N & g
6’40 '
r / PCA (Point of Closest -
/ / Approach)
/ y .-" ’..f /
/ Hressees A J Moving Reference — 7
Frame
/ (c shown negative) {
l; g ! Plane A @ shown negative) /
Y —_ —_ N = = - - /

Figure 23. Relative motion of two oblivious aircraft in three-dimensions.

{
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¥.and Z axes form a right hand system, thus, Z = ¥ x ¥, and the Z-axis always points in
the vertical direction. In the moving reference frame, the variables x , v, and z locate the

intruder aircraft B relative to aircraft A.

Variables defined in the relative motion plane are described as follows; 7 is the

Euclidean range vector locating aircraft B relative to aircraft A, defined by:

F=xx+yy+22, (39)
0 is the angle between the vectors ¥, and ¥, determined from the dot product:

¥, Uy =V, |Vs|cos (40)

(which is not necessarily the heading difference, as for the two-dimensional analysis), 7, is
the miss vector (defined later) locating the Point of Closest Approach PCA, ¢ is the angle-
off in the relative motion plane AB from the velocity vector ¥, of aircraft A to aircraft B,
and S, is the angle between the velocity vector v, and the miss vector 7,, determined by

the dot product:
B, F, =[0,]|F|cos B, 41

The zero range rate line is defined to be the locus of points along the miss vector 7,. While

some of these variables are defined differently from the two-dimensional analysis, the
objective of defining them in this manner allows equations (6) through (11) to directly

apply to the motion in the relative motion plane.

The miss vector 7

", as well as the time-to-closest-approach 7, may be found as

follows. At the Point of Closest Approach, the miss vector 7, and the relative motion

vector ¢ are orthogonal:

7 -€=0. (42)

Also, the motion of aircraft B relative to aircraft A will follow in the direction of ¢, and

will be located at the vector location 7, at the time-to-closest-approach 7:

F o =F+eT. (43)
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Solving equations (42) and (43) simultaneously yields the time-to-closest-approach 7:

T=-—" (44)

which may be substituted into equation (43) to evaluate the miss vector r.

Depending on geometry, the situation may represent a pure collision, a near miss,
or no conflict. Two critical factors to examine are the zero range rate line where =0 and
the range at closest approach. The motion of aircraft B relative to aircraft A will follow a
trajectory in the relative motion plane perpendicular to the zero range rate line. A pure
collision results if this trajectory is perpendicular to the zero range rate line at the origin, as
shown in Figure 23. A conflict occurs if the miss vector ¥;, occurring at the Point of
Closest Approach (PCA), falls within the Protected Airspace Zone (PAZ). The PAZ is
defined by a cylinder with radius R and height A, centered around aircraft A. The miss

vector 7, can be expressed in the moving reference frame of aircraft A as:
rp=ErXtry+r . (45)

A Protected Airspace Zone conflict exists if:

i) r, < h/2 (below the upper PAZ limit), (46)
i) r. 2 -hi/2 (above the lower PAZ limit), and 47)
iii) r, > +r,? <R’ (within the PAZ radius limit). (48)

While this criterion is a sufficient condition for a conflict, it is not a necessary condition.
As shown in Figure 24, the PCA may not in itself identify a conflict, but some other

portion of the line of relative motion may pass through the PAZ and cause a conflict.
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Figure 24. The Point of Closest Approach PCA may reside outside the Protected
Airspace Zone even though a conflict exists.

A necessary and sufficient condition for a conflict involves checking three specific
point locations derived from the Protected Airspace Zone and the line of relative motion.

First, let I be the line of relative motion, defined by the vector equation:

[=F+ét (49)

for all time r. Next, define a projection operator, P, which projects a vector onto the

horizontal x- y-plane (plane A), thus, for the vector F=[x v z],
P(Fy=r-7-Z=[xy0] (50)

Let the under-bar notation 7 identify the projection of 7, written P(F)=F. For conflict

detection, the segment s of the line of relative motion / between the altitudes of —-h/2 z

and +h/2 Z is investigated to identify if any part of this segment is within the distance R

from the Z-axis. In general, the line of relative motion I is not parallel to the x- y-plane,
but when it is, the previously stated two-dimensional analysis applies. The endpoints of

segment s are located at 7, and 7,, where:
r,=r+ct, ShH

with 7, defined by
(r+ct,)-2=-h/2, (52)

and

F,=F+CT, (33)
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with 7, defined by
(F+¢t,)-2=h/2. (54)

Here. 7, is the time to reach the lower altitude ~h/2 Z and 7, is the time to reach the upper
altitude +h/2 Z. Note that 7,>7, if aircraft B approaches aircraft A from above, and
T,< 7, if aircraft B approaches aircraft A from below. Using the projection operator P, the

two vectors:
7 = P(R,) (55)

and
FE = P(r,) (56)

are identified. Next, identify the vector location 7, on the projected line that is closest to

the origin:

1=t

:z-’-

t. (57)

il

This is achieved by solving the scalar equation:

(r+cr.)-c=0 (58)
for T.:
.=-5% (59)
c-c
This defines the location:
r.=r+cT.. (60)

The three points needed to detect a conflict are 7, from equation (55), 7, from equation

(56), and _F_ from equation (60). The necessary and sufficient conditions for a Protected

Airspace Zone PAZ conflict are:
i) if 7, -7, <R’ ,or (61)
i) if 7, F, <R*,or (62)

iii) if 7. 7. <R* and (7,<7.<T, Or T,<T.,<T,). (63)



39

Figure 25 illustrates the application of these conflict detection rules to identify a no
conflict and a Protected Airspace Zone conflict situation. In this example, one aircraft is
climbing near another aircraft. In the situation shown on the left plot, the relative motion
passes behind the climbing aircraft, and no conflict results. In the situation on the right
plot, the line of relative motion passes through the Protected Airspace Zone, and a violation
of conditions i) and ii) identifies a conflict.

30 PAZ Conflict Detection 30D PAZ Conflict Detection

CONFLICT

y (nmi.) 10 .10 X (nmi.) y (nmi.) 10 410

x (nmi.)

Figure 25. Conflict detection for a climbing aircraft (located at the origin) and a level
aircraft (located to the upper left of the center aircraft). The intercept location
of the line of relative motion with the Protected Airspace Zone is identified
with a (o) if there is no conflict (left figure) or with a (*) if there is a conflict
(right figure) at the upper and lower separation standard altitudes.

3.7 Applying Conflict Detection to Intent Data

In general, Free Flight policy will not require a full flight plan that indicates all the
waypoints to a destination, but may require a shorter list of waypoints describing intent
data. Intent data may include a single waypoint or several waypoints (if known) extending
perhaps 10 to 20 minutes into the future from an aircraft’s current state. Assuming that the
waypoints describe a piecewise linear description of the intent of each aircraft for the
immediate future, the two-dimensional or three-dimensional conflict detection criteria can
be applied to segments connecting waypoints that correspond to overlapping time intervals.
Starting with the first segment of each aircraft defined by the current position and the first
waypoint, conflict detection is performed. If a conflict occurs with a time to conflict t

before each aircraft reaches their first waypoint, then conflict resolution advisories are
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given. If the time to conflict T occurs after either of the first waypoints, the conflict may
not occur, since the change in flight paths may resolve the conflict. In this case, the next
segment in between waypoints of intent data is considered. Waypoint arrival times may not
be synchronized between aircraft, so segments between waypoints may represent different

time intervals. Only segments with overlapping time intervals are compared.

Note that this is a deterministic approach. To account for increasing uncertainty of
aircraft positions with time, a growing position error covariance envelope may be applied to
each aircraft’s nominal position, as projected by the intent data. This is discussed further in

the implementation issues in Chapter 6.

3.8 Proximity Management for Multiple Aircraft

As alluded to in Chapter 2, a proximity management system for aircraft is likely to play an
important role in the system architecture. A proximity management system maintains
spatial-temporal information for all aircraft. As shown in Figure 26, a Proximity
Management system can use navigation data based on radar, FMS outputs, and GPS to
establish the location of nearby aircraft. Intent information may be derived from flight plan
data for the far term and FMS, radar, or GPS data for the near term. The size and shape of
the sector considered may be determined through either range criteria or from dynamic
density criteria. Two proximity management methods are considered: a horizontal
decomposition method based on two-dimensional Delaunay Triangulations for aircraft at
the same flight level, and a three-dimensional Delaunay Triangulation method covering all
flight levels. Delaunay Triangulations [PS85, OBS92] are spatial data structures from
computational geometry that allow for rapid identification of nearest neighbors. For nearby
air traffic, aircraft are represented as points in the triangulation, and edges identify nearest
neighbors, as shown in Figure 27.

Flight Plan Data . )
\ -— Dynamic Density Assessment
FMS Data :
T Aircraft Traffic L &—— Aircraft Entering Airspace

Intent Data //—" Proximity Management ~\ (Insertions)
GPS Data (either/or) Aircraft Leaving Airspace

2D Flight Level (Deletions)
Decomposition
Method

3D Method

Figure 26. A Proximity Management System.
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Neigth, Probed

Aircraft

Figure 27. A Delaunay Triangulation of N aircraft at a constant flight level.

A Conflict Detection system works with Proximity Management to identify
conflicts based on future Alert Zone and Protected Airspace Zone overlaps, and can be
used to determine the effects of conflict resolution strategies on neighboring aircraft. For
tactical conflict detection, the Delaunay Triangulation can be used to detect future Protected
Airspace Zone overlaps by identifying future Delaunay Triangulation edges that will be
shorter than the horizontal separation standard length. For Alert Zone overlaps, further
conditions are applied due to the dependence of the Alert Zone on speed, heading
difference, and range (discussed in detail in Chapter 4). For the future time analysis, the
Delaunay Triangulation is advanced forward in time to detect future conflicts by looking at
projected future positions from tracking data, flight plans, and aircraft intent data.

One appropriate proximity management method is based on the Delaunay
Triangulation for points in a two-dimensional geometric plane. A triangulation is a straight
line graph partitioning of a set of N points such that no two edges intersect at any point
other than the N data points. The Delaunay Triangulation has the additional property that
the circumcircle of any triangle in the triangulation contains no point (in the set of N points)
in its interior. Given four points A located at (x4,¥4), B located at (xg,yp), C located at
(xc.¥c), and D located at (xp,Yyp,), the test to identify if point D is within the circumcircle

defined by points A, B, and C is determined by the criterion [GS85]:
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Equation (64) must hold for all triangles defined by the points A, B, and C in the Delaunay
Triangulation.

Several algorithms exist for constructing Delaunay Triangulations. = When
considering a set of aircraft at a constant flight level, the Delaunay Triangulation of a set of
points in the (geometric) plane is applicable [FP93, LS80, OBS92]. The iterative solution
of [LS80] provides a means for introducing new aircraft to (or removing existing aircraft
from) an already existing triangulation, say for instance when an aircraft step climbs to a
new flight level.

An example of how the Delaunay Triangulation provides proximity management for
a set of aircraft within a constant flight level follows. Figure 28 illustrates the Delaunay
Triangulation for a set of aircraft composed of two streams of traffic. In addition to the
aircraft, four sector corners are used as stationary points in the Delaunay Triangulation to
identify the proximity of the aircraft to the sector boundaries. As the aircraft progress
forward, the Delaunay Triangulation changes. At any given instant, though, the nearest
neighbors of any aircraft can be identified by the edges in the Delaunay Triangulation. If a
conflict occurs, the effect a conflict resolution maneuver has on neighboring aircraft can be
evaluated, as discussed in Chapter 4 and 5.

A second appropriate proximity management method is based on the Delaunay
Triangulation defined for points in a three-dimensional Euclidean space. Delaunay
Triangulation algorithms for three dimensions are described in [OBS92]. For dynamic
data, the method of [AMGR91] applies. At the extreme, the Delaunay Triangulation of a
million points may be computed, as claimed by [Sul92]. However, a practical partitioning
of a flight level into dynamic sectors may break down the set of aircraft to orders of tens to
hundreds.
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Figure 28. Proximity management of aircraft at a constant flight level. Each window
depicts a snapshot of the Delaunay Triangulation at 2 minute intervals.
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4. TACTICAL CONFLICT RESOLUTION

In this chapter, tactical conflict resolution strategies are investigated. A tactical encounter
uses safety as the primary criterion for trajectory synthesis. Tactical maneuvers are derived
so that the range at the point of closest approach is maximized by using heading, speed, or
altitude maneuvers. In Free Flight, datalink will allow complete state information about
nearby aircraft to be used in the execution of optimal tactical maneuvers without knowledge
constraints. The need for tactical maneuvers should be limited to instances of hardware
failure or procedural non-adherence. This is because precautionary actions should be taken
to resolve the potential conflict long before the tactical maneuver envelope is encroached, at
a time where decisions are considered to be strategic.

The objectives of our tactical encounter research are: to evaluate different tactical
maneuvers for arbitrary initial orientations, to define a logical set of “rules-of-the-road” for
conflict resolution, to identify a tactical alert zone definition, and to evaluate how reduced

separation requirements affect the tactical maneuvers.

4.1 Tactical Heading Control Maneuvers

For horizontal maneuvers, we consider the problem of maximizing the range at the point of
closest approach, where both aircraft may execute maximum turn rate heading maneuvers.
Coordinated turns are used for heading maneuvers. In a coordinated turn, the motion
remains in the horizontal plane, with no descent rate; the steady turn rate w is defined by the
relationship:

o=¥=%tno (65)

\4
where P is the rate of change of the heading 'V, g is the gravitational acceleration, v is the
airspeed, and @ is the bank angle relative to the horizontal plane. The maximum bank
angle is determined by either the maximum acceptable load factor for passenger comfort or
the maximum lift:

L - % pvSC,__ (66)
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Figure 29. The geometry and forces of the coordinated turn.

where p is the atmospheric density, S is the wing planform area, and C,, . 1s the maximum
lift coefficient. In a coordinated turn, the weight of the aircraft balances the lift as shown in
Figure 29. The relationship between the weight mg and lift L is:

mg = Lcos® (67)

where m is the total mass of the aircraft. Combining equations (66) and (67) gives the
maximum bank angle:

@] = cos“{—%mcf—} (68)
pvol,

which, when used in equation (65), determines the maximum turn rate for a maximum
bank maneuver. Additionally, in a coordinated turn the centripetal acceleration results from
the horizontal component of lift:

m¥?R = Lsin® (69)

where R is the turn radius. By combining equations (65), (67), and (69), the turn radius R
can be expressed as:

2
1%

R= :
gtan®

(70)

Finally, the minimum turning radius R is obtained from equation (70) when flying at the

maximum bank angle ®___.
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The role response for commanded bank angles has fairly quick dynamics for most
aircraft. For most commercial aircraft, a 2 to 5 second rise time (time to reach 90% of
maximum) can be realized for roll (bank) maneuvers. For example, in Figure 30 an
investigation of the dynamics of the Boeing 737 aircraft indicates that the rise time is
roughly 3.7 seconds to bank from steady level flight to a 45° bank angle. In general,
individual pilots will maneuver to different maximum bank angles based on the conflict
situation and level of experience. Additionally, the level of comfort for the passengers
degrades as higher bank angles are commanded, so there is a tendency to limit bank angles

to no more than 40° to 45° under tactical maneuvers or from 20° to 30° for strategic

maneuvers. A turn rate of 3°/sec is typical in the terminal area. In terms of modeling

heading maneuvers, quick changes in bank angle may be approximated as step changes.
Transients in the bank angle step response can be accounted for by considering at least a
2to 5 second lead time prior to initiating a maneuver. For the Boeing 737 example,
Figure 31 compares the trajectory resulting from a step change in bank angle to a trajectory
with simulated aircraft dynamics. When the maneuver is initiated with sufficient lead time,
the resultant dynamics matches the instant bank maneuver quite well. Conflict advisories

can be given with sufficient lead times to account for these transients.

Maximum Bank Angle Step Response

Simulation
sofF Optimal Turn Maneuver / ]
. L

7/
/63,7 sec. rise tima i

Bank Angle (deg.)
3 B
<) S

N
(=
T

/ Boeing 737

0 L ) " L
10 15 20 25 30 35
Time (sec.)

Figure 30. Maximum bank angle step response for a Boeing 737 aircraft.
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Figure 31. A comparison between the modeled optimal maneuver and a simulation
for a Boeing 737 aircraft, and the effects of starting the maneuver with
sufficient lead time to offset the dynamics transients.

The tactical conflict resolution strategy is the result of an optimization problem:
Determine the turn rates @, and @, as functions of the relative motion state ( r,¢,8) such
that the minimum range distance is maximized. The cost function J =r(z,) is simply the
range r at the point of closest approach, occurring at the final time ¢,. Euler-Lagrange

equations [Mer73, BH75] are used to solve for the tactical conflict resolution. In general,
to minimize the cost function:

J=@(x(t)),t,) (71)

for a system with time domain 7, <f <1, a set of coupled state and co-state equations must

be solved:
State: x = f(x,u,t) (72)
. JH
Co-State: A=—— 73
= (73)

with the controls u determined by:
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JH
Controls: —=0 74
EY (74)
subject to the initial conditions: x(z,) and final conditions: l(t,)z%p . The
L
Hamiltonian function is defined as:
H=Af=A1x. (75)

A two point boundary value problem results since the state is known at the initial time and
the co-state is known at the final time.

Optimal maneuvers are obtained by solving the Euler-Lagrange equations for
cooperative and non-cooperative cases. When the own aircraft A and intruder aircraft B
have the same speed and the same maximum turn rate, analytic results for the Euler-
Lagrange Equations may be found, as shown by [Mer73]. However, in general there is no
closed form analytic solution to the described optimization problem. In any of these cases,
though, numerical methods may be applied to construct maneuver charts giving the turn

rates @, and @, as functions of the relative motion state ( r,¢,0).

Example maneuver chart results are given in Figure 32. Maneuver charts are
shown for the cooperative case when the own aircraft A and intruder aircraft B have the
same speed and the same maximum turn rate. These results were computed using the
analytic equations from [Mer73]. Further maneuver charts (not shown here) are computed
using numerical methods for non-cooperative cases ( @,=0), and for cases where the two
aircraft have unequal speeds and turn rates. Given the relative motion state ( r,¢,8), the
location in the maneuver chart immediately identifies the cooperative maneuver, which is
identified with the notation A, for aircraft A turns Right, A, for aircraft A turns Left, B,
for aircraft B turns Right, and B, for aircraft B turns Left. The maneuver chart also
indicates the maximum miss distance that can be achieved, and a zero range rate line, for

which no maneuver is necessary once crossed.

An example trajectory of two aircraft performing an optimal tactical conflict
resolution is shown in Figure 33. In this case, the start location of the intruder aircraft falls
in the A; B, region of the maneuver chart, as shown in Figure 34, indicating that both
aircraft should perform left turns for an optimal conflict resolution. Left turns should be

applied until the relative position of the intruder aircraft B crosses the zero range rate line.
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This is the point of closest approach, and after crossing it, the range rate becomes positive.
In the maneuver chart, distances are normalized with respect to the turning radius of
aircraft A. As shown in the maneuver chart, the maneuver follows a level curve near the
value of 1.5, indicating that the point of closest approach will be slightly less than 1.5 times
the turning radius of aircraft A. For this example, during the entire maneuver, the heading
difference remains fixed at 90°, and one maneuver chart, the one shown in Figure 34, is
applied throughout the maneuver. However, if the initial conditions were chosen such that
the intruder aircraft fell in the A, B, region of the maneuver chart shown in Figure 34, then
as these aircraft performed their right and left turns, the heading difference would have
decreased to zero; several maneuver charts for fixed heading differences varying from 90°

to 0° would have been consulted.

2D Maneuver Chart 2D Maneuver Chart

> 05f - > 05f Rt 4
0, - . | Theta 0 /@ Theta
05 . - o . 05 . 7R/ | 60
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Figure 32. Maneuver Charts for maximum range (cooperative case; speed ratio

¥ =1, and equal turn radii).
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Figure 33.  Optimal tactical conflict resolution example (cooperative case, speed
ratio ¥ =1, and equal turn radii).
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Figure 34. The maneuver chart consulted for the optimal tactical conflict resolution
example of Figure 33 (cooperative case, speed ratio ¥ =1, and equal
turn radii).
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Dynamic programming or numerical integration techniques may be implemented to
solve non-equal velocity cases. For example, dynamic programming can be applied to the
non-cooperative case for non-equal velocities as shown in Figure 35. In Figure 35, the
envelope of feasible maneuvers is shown; candidate solutions include a turn followed by a
straight line dash until the point of closest approach is reached. The optimal maneuver is
identified from the set of candidate solutions. In some cases, more than one optimal
solution may result, as shown in Figure 36, where three optimal solutions are shown.
Repeated implementation of this algorithm establishes the maneuver charts for non-
cooperative cases at a specified speed ratio. An example maneuver chart for a non-

cooperative case is shown in Figure 37.
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Figure 35. The dynamic programming search envelope for a non-cooperative case (speed
ratioy = 2.1).
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Normalized World Simulation
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Figure 36. The three optimal maneuvers for the non-cooperative case of Figure 35 (speed
ratioy = 2.1); circles highlight the points of closest approach for each of these
three optimal maneuvers.
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Figure 37. The maneuver chart for optimal tactical heading maneuvers for a non-cooperative
case (heading difference 6= 90°, speed ratioy = 2.1).
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Maneuver charts provide a generalization of optimal maneuvers given arbitrary
initial conditions. One particular set of initial conditions establishes a Tactical Alert Zone.
There exists a locus of points for which the initial conditions produce tactical maneuvers
that have the same range of 5 nmi at closest approach, which under today’s regulations,
constitutes the Protected Airspace Zone. Under these conditions, for cooperative and non-
cooperative cases, maneuver charts identify a Tactical Alert Zone on the surface of which
the optimal tactical conflict resolution must be initiated in order not to penetrate the
Protected Airspace Zone of the intruder aircraft, as shown in Figure 38. The result is not a
circular or elliptic Alert Zone, as depicted in Figure 1, but is dependent on the speed ratio,
range, angle-off, and heading difference. Outside this locus of points, the own aircraft
may initiate a maneuver that maximizes the miss distance, at one extreme, or a maneuver
that results in a trajectory that grazes the Protected Airspace Zone, at the other extreme.

These extremes are referred to as the upper and lower bounds of tactical conflict resolution

maneuvers.
6 Alert Zone Y - 6 Aleﬁ Zone 4
Ve d > ~ 7 - LS
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Figure 38. The Tactical Alert Zone: the locus of points for which a cooperative maneuver
must be initiated in order to avoid penetrating the Protected Airspace Zone (note:
+/- indicates the sign of the range rate near the zero range rate line).
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Consider next the recovery trajectories required to bring both aircraft from the point
of closest approach back to their original flight plans. Maximum bank angle maneuvers are
not necessary for returning both aircraft on track after a tactical evasive maneuver. Instead,

recovery maneuvers may be implemented using standard bank angles.

Recovery maneuvers must be coordinated so that stalemate conditions do not occur.
As shown in Figure 39, when two aircraft initiate an optimal conflict resolution, they may
end up in final conditions that may or may not allow for each aircraft to simply turn back to
its original heading without an additional conflict occurring. The stalemate condition can
last indefinitely if the two aircraft have equal speeds. If the speeds are not equal, then the
slower aircraft can perform a backside maneuver to recover while the faster aircraft

performs a frontside maneuver.

Cooperative Cooperative
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. Recovery Maneuver
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Figure 39. Two optimal conflict resolution maneuvers have final conditions that pose
a simple recover trajectory (left) and a stalemate condition (right).

4.2 Tactical Speed Control Maneuvers

For horizontal speed control maneuvers, we consider the problem of maximizing
the range at the point of closest approach, where one or both aircraft may execute optimal
speed controls using maximum acceleration and an upper speed limit or maximum

deceleration and a lower speed limit. Under speed control, the headings of both aircraft are
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held constant, so the paths remain the same while the trajectories vary. Thus, speed control
has the desirable feature that the aircraft need not deviate from their original flight paths.
Since predicting which portions of the airspace will remain free of aircraft is easier when
aircraft are not turning, workloads may be reduced for air traffic controllers and pilots. On
the other hand, speed changes take a long time, so speed control maneuvers must be
performed at fairly long ranges.

For most aircraft, the speed response has fairly slow dynamics in comparison to
heading and altitude dynamics. For example, in Figure 40 an investigation of the dynamics
of the Boeing 737 indicates that the time to accelerate to higher speeds is in the order of 2 to
3 minutes, and in the time to decelerate to slower speeds is in the order of a minute. For
the purpose of developing maneuver charts, we consider a dynamics model with
acceleration and deceleration limits as well as upper and lower speed limits. Figure 40
illustrates the model used for speed profiles, which is also fitted into Figure 40. Starting at

an initial speed v, the aircraft may accelerate at a,, to the upper speed limit v_, , or
decelerate at d,, to the lower speed limit v_, . At any time while accelerating

(decelerating) or while at the upper (lower) speed limit, the aircraft may reach the Point of
Closest Approach PCA.

Speed Acceleration/Deceleration
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350 N e 1 i A 1 i
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Figure 40. Maximum acceleration and deceleration responses for a Boeing 737 aircraft
(34,000 ft operating condition).
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A speed control conflict resolution strategy is the result of an optimization problem:
Determine the speeds v, and v, as functions of the relative motion state ( r,¢,0) such that
the minimum range is maximized. The payoff function is simply the range r at the point of
closest approach. In general, the equations of motion are defined by equations (1) to (3),
with zero turn rates, and with speed contro] variables v, and v, being chosen to follow
one of the two speed profiles shown in Figure 41. Equations (1) to (3) apply for the
derivation of speed control maneuvers with the turn rates @,=0 and ®,=0. Consequently,

the heading difference 8 remains constant.

Upper Speed Limit
NI Lttt PCA,
max
Aircraft
Speed
\J
0
Vi = = —— PCA
™ | Lower Speed Limit d
Time
‘0 4 la lPCAd [PCAa
Time of Timeto Timeto Time to Time to
Speed Lower  Upper PCAusing  to PCA using
Maneuver  Speed Speed  Lower Speed Upper Speed
Initiation Limit Limit  Limit Limit

Figure 41. Each aircraft is limited by upper and lower speed limits and a maximum
acceleration and deceleration.

Optimal speed control maneuvers may be obtained by solving Euler-Lagrange
equations for cooperative and non-cooperative cases. We have implemented numerical
methods to construct maneuver charts that indicate whether each aircraft should go faster or
slower as a function of the relative motion state (r, ¢,0). Speed control maneuver charts
are generated for a fixed heading difference  , which remains constant throughout the
maneuver. For non-cooperative maneuvers, the velocity of aircraft B does not change, so

maneuver charts may be generated for fixed heading differences 8 and a fixed speed v,.
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Given the speed of aircraft B to be fixed atv,, the maneuver chart identifies if aircraft A
should speed up to a minimum speed ratio y,;,, =vz/v, _, or if aircraft A should slow
down to a maximum speed ratio y_. =v,/v, .. For cooperative maneuvers, the optimal

speeds of aircraft A and aircraft B will be either minimum and maximum, respectively,

where the speed ratio becomes a minimum ¥, =vg . /v, . or the optimal speeds of

aircraft A and aircraft B will be maximum and minimum, respectively, where the speed

ratio becomes a maximum y,_ . =vp /v, .

The final conditions for a speed maneuver may or may not occur when one or both
aircraft are at maximum or minimum speed limits. In the limiting case, both aircraft may be
at their initial speeds and be oriented such that the aircraft B is located on the zero range rate
line. Thus, the zero range rate line is determined by the initial velocities, rather than with
the maximum and minimum velocities. For initial conditions with negative range rate close
to the zero range rate line, the aircraft may reach the Point of Closest Approach with one or
both of the aircraft still accelerating or decelerating to the upper or lower speed limit. In the
maneuver chart, contour lines indicate the locus of points with equal maximum miss
distance; initial conditions which represent points on these contour lines may have different
final conditions and Points of Closest Approach. In terms of how the maneuver chart is
used to guide conflict resolution, this means that during conflict resolution, the maneuver
chart changes as the speeds are changing, and the maneuver chart only remains fixed when
both aircraft have achieved upper or lower speed limits. Given the initial speeds of each
aircraft, the maneuver chart indicates which aircraft should speed up or slow down and the
final miss distance if the optimal maneuver is followed; however, the maneuver chart does
not indicate the Point of Closest Approach unless the range rate is zero.

Example speed control maneuver chart results that incorporate a limited
acceleration/deceleration dynamics model are given in Figures 42 through 45. Maneuver
charts are shown for non-cooperative cases in Figures 42 and 43 and for cooperative cases
in Figures 44 and 45. Given the relative motion state (r,¢,0), the location in the maneuver
chart immediately identifies which aircraft should go faster or slower. The optimal speed is
identified with the notation A, for aircraft A to accelerate to the upper speed limit, A, for
aircraft A to decelerate to the lower speed limit, B, for aircraft B to accelerate to the upper
speed limit, B, for aircraft B to decelerate to the lower speed limit, or B, for aircraft B
holds constant speed (the non-cooperative case). For non-cooperative maneuvers, the

maneuver chart is indexed by the speed v, of aircraft B, which is labeled on the chart. For
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cooperative maneuvers, the maneuver chart is indexed by both aircraft speeds v, and v,.
For all maneuver charts shown, the upper speed limit for both aircraft is v__ = 550 kts, and
the lower speed limit for both aircraft is v, = 350 kts. The maximum acceleration is a_, =
1 kt/sec and the maximum deceleration is d,_ = 1 kt/sec. (These speeds and acceleration

limits are parameters that can be changed for other scenarios.) The maneuver chart also
indicates the optimal miss distance contours for odd distances (1,3,5, ... nmi) that can be
achieved if the optimal maneuver is applied, and a zero range rate line (indicated by + for

positive and - for negative range rate), for which no maneuver is necessary once crossed.

Non-Cooperative Speed Control Maneuver Charts

2orve=aoomt ] 2 VB=4500Kf 7] *°[VB=5000 &
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20 -10 o 10 20 -10 0 10 20 -10 0 10
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Figure 42. Speed control  maneuver charts incorporating a  limited
acceleration/deceleration model; fixed maneuver heading difference and
varying speeds for Aircraft B (non-cooperative case).
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Figure 43. Speed control maneuver charts incorporating a limited
acceleration/deceleration model considering different maneuver heading
differences (non-cooperative case).

Cooperative Speed Control Maneuver Charts
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Figure 44. Speed  control  maneuver  charts  incorporating a  limited
acceleration/deceleration model; fixed maneuver heading difference and
varying speeds for Aircraft B (cooperative case; v,, = 450 kts).
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Figure 45. Speed  control  maneuver charts incorporating a limited
acceleration/deceleration model considering different maneuver heading
differences (cooperative case; v,, = 450 kts and v,, = 450 kts).

As was shown for heading maneuvers, one particular set of initial conditions
establishes a Tactical Alert Zone (TAZ). There exists a locus of points for which the initial
conditions produce tactical speed maneuvers that all have the same range of 5 nmi at closest
approach, which under today’s separation standards, constitutes the Protected Airspace
Zone. Under these conditions, for cooperative and non-cooperative cases, maneuver charts
identify a TAZ on the surface of which the optimal tactical conflict resolution must be
initiated in order not to penetrate the Protected Airspace Zone of the intruder aircraft.
Figure 41 shows the TAZ for both non-cooperative and cooperative cases. Notice also that
the TAZ for heading maneuvers is considerably smaller than the TAZ for speed maneuvers
(cf. Figure 38 and Figure 46). As was the case for heading maneuvers, the TAZ result is
not a circular or elliptic Alert Zone, as depicted in Figure 1, but is dependent on the speed
ratio, range, angle-off, and heading difference.
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Figure 46. A non-cooperative (left) and cooperative (right) Tactical Alert Zone: the locus of
points for which a maneuver must be initiated in order to avoid penetrating the
Protected Airspace Zone (+/- indicates the sign of the range rate,v,,= 425

kts, vg,= 500 kts).

Recovery trajectories bringing both aircraft from the point of closest approach back
to their original flight plans include simple accelerations or declarations. Since both aircraft
finish the speed control maneuver with positive range rate, and since both aircraft do not
change their heading during the maneuver, the recovery maneuver is simply to accelerate or
decelerate back to the original time schedule for each aircraft. No further conflicts or
stalemate conditions may result. Alternatively, each aircraft can return to their original
speeds at any rate of acceleration or deceleration or can accept the delay in time (if the
aircraft decelerated during the conflict resolution maneuver) or advance in time (if the

aircraft accelerated during the conflict resolution maneuver) from their original schedule.



4.3 Tactical Altitude Control Maneuvers

For altitude control maneuvers, we consider the problem of maximizing the vertical
range with sufficient clearance of the Protected Airspace Zone. One or both aircraft may
execute optimal climb or descent controls using maximal climb and descent rates. Under
altitude control, the headings of both aircraft are held constant, so the paths of both aircraft
remain in vertical geometric planes. Since the vertical separation requirements for the
Protected Airspace Zone are much smaller than the horizontal requirements, and since climb
and descent rates are fairly time responsive, altitude maneuvers have the beneficial quality
that they may be used at the last minute. They also have the benefit of holding the heading
of each aircraft constant, which allows for pilots and air traffic controllers to more easily

predict the portions of the airspace that will remain free of aircraft.

In general, the geometry for altitude maneuvers is three-dimensional, although the
relative motion of the two aircraft will reside in a two-dimensional plane. Assume that both
aircraft have constant velocity vectors. For each aircraft, the velocity vector ¥ is oriented at
the heading ¥ measured clockwise from North, at the flight path angle ¥ from the
horizontal plane, and at the bank angle @ relative to the horizontal plane, as shown in
Figure 47. It is assumed that the initial heading and flight path angles may be non-zero, and
the bank angle is zero for this three-dimensional analysis. As was shown in Figure 23, the
relative motion of two conflicting aircraft with constant velocity vectors defines a skewed
relative motion plane; the relative motion plane is a horizontal plane if and only if both
velocity vectors have zero flight path angle.

North
‘¥ Heading
® T Velocity
v Flight Path
Angle
Bank-Angle ’:
A Protected Airspace Zone -
X Horizontal Plane

East

Figure 47. The orientation of the velocity vector for an aircraft.
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The model for the vertical maneuver holds the horizontal speed constant as the
vertical speed changes. Figure 48 illustrates the model. Vertical maneuvers will generally
involve small changes in flight path angle in the order of 5° to 10°. Since the horizontal
component of velocity remains fixed, when two aircraft climb or descend in a coordinated
effort to maximize vertical separation, there is no change with respect to the horizontal
component of relative velocity. The relative horizontal trajectory remains on the same

horizontal path as before the vertical maneuver was initiated.

Figure 48. The vertical maneuver model where the horizontal component of the velocity
remains constant while the vertical component changes.

The goal for the vertical maneuver is to have the intersection of the relative motion
line occur on the upper or lower rim of the Protected Airspace Zone, as to just clear the
separation requirements. Figure 49 illustrates two candidate goal locations for a given initial
relative orientation of two aircraft. To determine a particular goal location requires a

geometric analysis including the initial conditions and the optimal control strategy defined

above. The projection of the line of relative motion onto the horizontal plane, defined as Z
by equation (57) in the conflict detection section of this report, determines the cross
sectional area. Assuming that a conflict exists, this projected line intercepts the Protected
Airspace Zone at two points, as shown in the drawing in Figure 49. The point on the line

l: that is closest to the origin is located at the position 7, which can be expressed in terms

of the relative motion vector ¢ and the location 7 of Aircraft B relative to Aircraft A as
follows (by substituting eq. (59) into eq. (60)):
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R=f- g(g) (76)

The width w of the cross sectional area is defined from the right triangle with sides

b

A

w/2, and R, as illustrated in Figure 50, thus:

2 w2 2
— | =R". 77
+(2) 77)

The width w is:

2
w=2R—|E . (78)

Finally, determining whether the location of the candidate goal location should be the closer

or farther location on the rim depends on the case being cooperative or non-cooperative. If
the altitude maneuver is a cooperative maneuver, both the candidate goal locations will be
on the near side of the upper and lower rim of the Protected Airspace Zone. If the altitude
maneuver is a non-cooperative maneuver, then the location of the candidate goal location
will be on the farther side of the rim of the Protected Airspace Zone when the maneuvering
aircraft has inferior performance relative to the steady state climb or descent rate of the non-

cooperative aircraft; the cases are defined, and examples are given later in this section.

i
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Figure 49. The line of relative motion determines a rectangular planar intersection with the
Protected Airspace Zone and two candidate goal locations for a vertical
maneuver.



66

Planview

B

go
) Protected
Airspace
Zone

Projection of the
relative motion vector
onto the horizontal
planview plane

Candidate

/ Goal Location

Projection of the
relative line of motion

onto the horizontal
planview plane

AL

Candidate
Goal Location

Figure 50. In the planview, the projection of the line of relative motion intercepts the
Protected Airspace Zone and defines two candidate goal locations.

The response to commanded climb and descent rates has fairly quick dynamics for
most aircraft. For most commercial aircraft, a 5 to 10 second rise time (time to reach 90%
of maximum) can be realized for climb and descent maneuvers. For example, in Figure 51
an investigation of the dynamics of the Boeing 737 aircraft indicates that the rise time is
roughly 9.9 seconds to climb from steady level flight to a maximum climb rate of
700 ft/minute and 9.4 seconds to descend to a maximum descent rate of 1500 ft/minute.
With these rates, the Boeing 737 can achieve a 1000 ft separation from a non-cooperative
aircraft in about 90 seconds for climb maneuvers and in about 40 seconds for a descent
maneuver. In general, individual pilots will maneuver with different rates based on the
conflict situation and level of experience. Climb rates are generally less than descent rates
(which take advantage of gravity). Also, the loss of velocity in a climb maneuver will
cause many pilots to reduce or level off a tactical climb maneuver after 10 to 20 seconds. In
terms of modeling vertical maneuvers, quick changes in flight path angle are modeled by
step changes in climb and descent rate.
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Figure 51. The dynamics of maximum climb and descent rates for a Boeing 737 aircraft.

Transients in altitude maneuvers may be accounted for by an appropriate lead time
for initiating a maneuver. A lead time from 2 to 5 seconds is necessary for most aircraft.
For the Boeing 737 example in Figure 51, the trajectory resulting from a step change in
climb and descent rate is compared to a trajectory with simulated dynamics in Figure 52.
When the maneuver is initiated with sufficient lead time, the resultant dynamics matches the
desired optimal maneuver quite well, as shown in Figure 53 for a climb maneuver and in
Figure 54 for a descent maneuver. Conflict advisories can be given with sufficient lead

times to account for these transients.
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Figure 52. A comparison between the modeled optimal climb and descent maneuvers and a
simulation for a Boeing 737.
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Figure 53. The effects of starting a climb maneuver with sufficient lead time to offset
the dynamics transients.
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Figure 54. The effects of starting a descent maneuver with sufficient lead time to offset
the dynamics transients.

An altitude control conflict resolution strategy is the result of an optimization
problem: Determine the vertical speeds (climb or descent rates) év, and &v, of aircraft A
and B as functions of the relative motion state ( r,¢,6,z) such that the altitude separation is
maximized. The payoff function is the relative vertical separation z at the Protected Airspace
Zone goal location. In general, the equations of motion are defined by equations (1) to (4),
with the turn rates ®,=0 and @,=0, constant horizontal speeds v, and v,, and vertical
speeds dv, and v, being chosen from maximum and minimum allowable climb and
descent rates. Consequently, the heading difference 9 remains constant, and the relative
horizontal velocities remain constant. Furthermore, the vertical velocity equation, or the
altitude difference equation, is uncoupled with the horizontal equations. It is assumed that
there are no vertical acceleration constraints, and either aircraft can increase or decrease
flight path angle by a small amount enough to create the vertical velocity components &v 4
and ov,.

Optimal altitude control maneuvers may be obtained by solving Euler-Lagrange

Equations for cooperative and non-cooperative cases. We have implemented numerical
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methods to construct maneuver charts that indicate whether each aircraft should climb or

descend as a function of the relative motion state ( r,¢,68,2).

Example altitude control maneuver chart results are given in Figures 55 through 58.

The optimal altitude maneuver is identified with the notation A for aircraft A to climb, A,
for aircraft A to descend, B for aircraft B to climb, B, for aircraft B to descend, or B,

for aircraft B holds constant climb or descent rate (the non-cooperative case). The
maneuver chart also indicates the optimal miss distance contours for 2000 ft distances
(equivalent to the vertical separation standard) that can be achieved if the optimal maneuver

is applied, and a clearance line, for which no maneuver is necessary once crossed.

Figure 55 illustrates a maneuver chart for a cooperative case. In this example, the
maneuver chart is established for a cross velocity heading directly into the center of the
Protected Airspace Zone; the cross section of the Protected Airspace Zone has a length of
10 nmi and height of 2000 ft. Once an aircraft climbs above or descends below the
Protected Airspace Zone, it should hold a zero relative climb rate until clear of the far side
of the Protected Airspace Zone.

Cooperative Altitude Controt
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Figure 55. A cooperative altitude control maneuver chart.
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Figure 56 through 58 illustrate maneuver charts for a non-cooperative cases. In
these examples, maneuver charts are established for a cross velocity heading directly into
the center of the Protected Airspace Zone; the cross section of the Protected Airspace Zone
has a length of 10 nmi and height of 2000 ft. There are three cases for non-cooperative
maneuver charts. First, the case when the non-cooperative aircraft A is climbing with a

constant positive rate and aircraft B has a lower maximum climb rate:
Non-Cooperative Case I: v, 26vy > 0. (79)

In this case, the goal locations are at the far upper rim of the Protected Airspace Zone cross
section for climb maneuvers, and at the near lower rim of the Protected Airspace Zone
cross section for descent maneuvers. Once an aircraft climbs above or descends below the
Protected Airspace Zone, it is clear from a separation conflict.

Non-Cooperative Altitude Control

Relative Climb Rate = -400.0 ft/min
Relative Descent Raté = -1600:0 f/min

é 1r ACB c
=
5 \
Q
3
£ Or 1
< )
o Protected
% 1 A Airspace
gt
CB D Zone
2F
3 R . A R
-15 -10 -5 0 5

Cross Track (nmi)

Figure 56. A non-cooperative altitude control maneuver chart for an aircraft with
inferior climb performance relative to a non-cooperative climbing Aircraft A.

In the second case, the non-cooperative aircraft A is either climbing with a constant
positive rate and aircraft B has a higher maximum climb rate, or aircraft A is descending

with a constant negative rate and aircraft B has a lower negative descent rate:
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Non-Cooperative Case II: ovg>dv, >0 or (80)
ovy < v, <0. (81)

In this case, the goal locations are at the near upper and lower rim of the Protected Airspace
Zone cross section for climb and descent maneuvers, respectively. Once an aircraft climbs
above or descends below the Protected Airspace Zone, it is clear from a separation conflict.
Once aircraft B climbs above or descends below the Protected Airspace Zone, it should
hold a zero relative climb rate until clear of the far side of the Protected Airspace Zone.
This non-cooperative case maneuver chart is very similar to the cooperative case maneuver
chart, with the exception of the relative climb and descent rates have smaller magnitude due
to the non-cooperative situation.

Non-Cooperative Altitude Control
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Figure 57. A non-cooperative altitude control maneuver chart for two aircraft with
dissimilar climb and descent rate capabilities.

In the third case, the non-cooperative aircraft A is descending with a constant negative rate
and aircraft B has a higher minimum descent rate:

Non-Cooperative Case III: 0> évy 2 6v,. (82)
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In this case, the goal locations are at the near upper rim of the Protected Airspace Zone
cross section for climb maneuvers, and at the far lower rim of the Protected Airspace Zone
cross section for descent maneuvers. Once an aircraft climbs above or descends below the

Protected Airspace Zone, it is clear from a separation conflict.

Non-Cooperative Altitude Control
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Figure 58. A non-cooperative altitude control maneuver chart for an aircraft with inferior
descent performance relative to a non-cooperative descending Aircraft A.

As was shown for heading and speed maneuvers, one particular set of initial
conditions establishes a Tactical Alert Zone. There exists a locus of points for which the
initial conditions produce tactical altitude maneuvers that all have the same vertical
separation clearance of 2000 ft at closest approach, which under today’s regulations,
constitutes the Protected Airspace Zone. Under these conditions, for cooperative and non-
cooperative cases, maneuver charts identify a Tactical Alert Zone on the surface of which
the optimal tactical conflict resolution must be initiated in order not to penetrate the
Protected Airspace Zone of the intruder aircraft. Figure 59 (a) shows the Tactical Alert
Zone for the cooperative case, and Figure 59 (b) shows the Tactical Alert Zone for the
three non-cooperative cases.
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Cooperative Altitude Control

-

Relative Climb Rate = 2200.0 #/min
Relative Descent Rate = -2200.0 t/min

E Tactical
2 Alert
-] -
E 0 Zone <.
2 Protected
3 Airspace
-1
Zore
-2
-3
-15 10 -5 [} 5
Cross Track (nmi)
(a) Cooperative
Non-Cooperaiive Atitude Controt Non-Cooperative Altilude Control Non-Cooperative Altitude Control
3 3
Reialive Climb Rate = -400.0 f/min Relative Climb Rate = 300.0 f/min Relative Ciimb Rate = 1800.0 fumin
Relative Descent Rate = -1600.0 t/min Relative Descent Rate = -900.0 ft/min Reiative Descent Rate = 600.0 fYmin
Tactical
Atert _ Tactical _
z! Alert !
Zone £ £ Tactical
Il 3 Zone N 5 Nt N\
T~ 3 «z =TT ] -
~ . E 0 RIS ; o Zone .-
Protected ] Protected 2 PR - = -~ " Proscted
Airspace % Airspace % T-o-- 7 Arspace
@ -1 a -1

Zone

-5
Cross Track {nmi)

-5
Cross Track (nmi)

(b) Non-cooperative

-5
Cross Track (nmi)

Figure 59. Cooperative (a) and non-cooperative (b) altitude control Tactical Alert Zone cases.

4.4 Tactical Alert Zone Visualization

The Tactical Alert Zones for heading, speed, and altitude control may be viewed in

a three-dimensional perspective view to aid a pilot or air traffic controller in understanding

the control options at any given moment. This investigation is in part motivated by the
work of Ford [F86] where the protected volume of airspace is identified for TCAS II. The

assumptions for the derivation of heading control maneuvers was that both aircraft were in

the same horizontal plane. However, the same results apply if both aircraft are flying

trajectories in horizontal planes that are separated by less than the vertical separation

requirement (currently 1000 ft). Thus, the Tactical Alert Zone region that is derived in a
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horizontal plane can be extended above and below an intruder aircraft by the distance of the

separation standard. This applies for both heading and speed control. Figures 60 and 61

illustrates the Tactical Alert Zone for two aircraft at nearly the same altitude.
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2 E 04 T
——1 =4
N
-1
ggite:)‘ Heading
Control R
-3 Heading Control

y {(nmi.) -15 X (Ami.) y (nmi.)
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Figure 60. The 3D perspective view of Tactical Alert Zones; a comparison between
speed control vs. heading control (left), and a comparison between

altitude control vs. heading control (right).
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Figure 61. The 3D perspective view of Tactical Alert Zones for heading and speed
control (taken from [ADK96] with permission from the authors).
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Tactical Alert Zones (TAZs) around an aircraft advise what control logic should be
applied for conflict resolution. In Figure 60, the left aircraft is located within the speed
control TAZ, and thus cannot avoid penetrating the Protected Airspace Zone of the intruder
aircraft without using another mode of control. Since the aircraft is located outside the
heading control TAZ, a cooperative heading maneuver remains an option for conflict

resolution.

Tactical Alert Zones and the Protected Airspace Zones are two important safety
regions that, under a Free Flight policy, pilots and air traffic managers must clearly
visualize to effectively perform conflict detection and resolution. Tactical Alert Zones
cannot be easily generalized in terms of heuristics that a pilot or air traffic manager can
apply in another non-visual mode. Displaying these regions around the aircraft could
greatly aid both pilots and air traffic managers by presenting conflict resolution advisory
information in a visually immersive presentation. The theoretical and algorithmic

background behind these safety regions is retained within the computer.

4.5 Multi-Aircraft Tactical Encounters

A heuristic approach to multi-aircraft tactical conflict resolution may be applied using 2-
aircraft conflict detection and resolution primitives. Consider the following heuristic
algorithm which is stated for a 3-aircraft scenario:

1) Given 3 aircraft located in close proximity, determine the time-to-closest-
approach for each pair of aircraft. Prioritize each pair of aircraft based on
time-to-closest-approach. Identify the highest priority pair of aircraft as A
and B, and the other aircraft as C.

2) For A and B, allow A and B to commit to resolve their conflict with a
cooperative conflict resolution strategy. After A and B achieve a positive
range rate, direct A and B to return to their original headings with
appropriate recovery maneuvers.

3) If C comes in conflict with either A or B while A and B are committed to a
cooperative maneuver, perform a non-cooperative conflict resolution
strategy with C relative to the closer aircraft A or B (based on time-to-
closest-approach to A or B) using the other aircraft from A or B as a
constraint. A reachability conflict detection mechanism (see Chapter 3) is
necessary here since both A and B is maneuvering.
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4) If A and B resolve their conflict without becoming in conflict with C, then
return to Step 1, or if all aircraft have positive range rates relative to each

other, then the encounter is over.

This approach to 3-aircraft conflict resolution is a heuristic approach; it does not guarantee
that all aircraft avoid each other successfully. Notice that in Step 3, aircraft C must perform
a non-cooperative conflict resolution strategy with the closer of aircraft A and B. As noted,
detecting this conflict should be performed with a reachability conflict detection
mechanism, as described in Chapter 3 and illustrated in Figures 13 and 14. However, a
complication may result even if the conflict is detected with a reachability type mechanism,
because after conflict detection, aircraft C performs a non-cooperative conflict resolution.
In this report, non-cooperative conflicts assume that the intruder aircraft is flying a straight
path, which is not going to be the case for a 3-aircraft maneuver. Thus, there is no
guarantee that the non-cooperative maneuver for aircraft C relative to A or B described in
step 3 will be performed successfully. Aircraft C is in danger because either aircraft A or B
may be performing turns that are counterproductive with respect to the safety objective of
aircraft C. The worst case situation for aircraft C must consider that aircraft A and B are
both turning in counterproductive directions (analogous to a suicidal aircraft) while aircraft
C maximizes miss distance. In this report, we have not investigated such non-cooperative

maneuvers, however, this 3-aircraft example illustrates the need for such an investigation.

Figures 62 through 66 illustrate a 3-aircraft encounter that uses the above heuristic
approach for conflict resolution. The scenario considers only heading maneuvers for three
aircraft flying at the same altitude. In Figure 62, the points of closest approach for each
pair of aircraft are displayed assuming that no aircraft maneuvers from a straight constant
speed flight. Dashed circles with 5 nmi radii help display the separation conflicts that
occur. Figure 63 illustrates the conflict resolution strategy that results from the heuristic
algorithm. Aircraft A and B have highest priority since the time-to-closest-approach
between A and B will occur before the time-to-closest-approach between A and C or B
and C. First, aircraft A and B perform left turns, as indicated by the tactical alert zone
shown in Figure 64. After aircraft A clears the zero range rate line of aircraft B, a second
conflict occurs just as aircraft B starts to perform a recovery maneuver from the conflict
resolution with aircraft A. As shown in Figure 65, a second application of the conflict
resolution tactical alert zone advisories allows for the safe passage of aircraft C to the
backside of aircraft B; however, the motion of aircraft C then becomes counter productive
with respect to the safety of aircraft A. Aircraft A performs a non-cooperative maneuver

towards the side of aircraft A that is free of congestion, as shown in Figure 65. Finally, as
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shown in Figure 66, all aircraft perform recovery maneuvers back to their original courses.
This example exhibits a particularly difficult tactical multi-aircraft conflict situation where
three aircraft are converging to a single location, which could occur in Free Flight.
However, this type of 3-aircraft maneuver should be considered very unlikely, since
strategic maneuvers should be performed prior to this tactical encounter.

No Maneuver
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15}

10

Inertial y (nmi.)
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.2‘&A

-15 -10 -5 0 5 10 15
inertial x (nmi.}

Figure 62. A 3-aircraft conflict detection example where no conflict resolution
maneuvers are executed (o denotes points of closest approach).



20

15+

101

tnertial y (nmi.)
[5,]

Cooperative

A

n

Inertial x (nmi.)

0

5

10 15

Figure 63. A 3-aircraft conflict detection and resolution example (* denotes the location
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Figure 64. The 3-aircraft conflict resolution maneuver between aircraft A, B, and C; the

Tactical Alert Zone of aircraft B is shown with aircraft A just clearing the zero
range rate line (taken from [ADK96] with permission from the authors).
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Figure 65. The 3-aircraft conflict resolution maneuver between aircraft A, B, and C; the
Tactical Alert Zone of aircraft C is shown with aircraft B maneuvering away
from aircraft C (taken from [ADK96] with permission from the authors).

Figure 66. The 3-aircraft conflict resolution maneuver between aircraft A, B, and C; the
Tactical Alert Zone of aircraft C is shown with aircraft B finishing the
maneuvering away from aircraft C and aircraft A initiating a recovery maneuver
(taken from [ADK96] with permission from the authors).
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The subject of multi-aircraft conflict detection and resolution is a complex challenge
for Free Flight, and should be investigated as a subject in itself. The cooperative and non-
cooperative conflict resolution strategies of this report may serve as a good basis for such
an investigation. As noted from the investigation of a 3-aircraft example, an additional
analysis of proximity management must be carried along for multi-aircraft scenarios.
Figure 67 illustrates the three components needed for multi-aircraft scenarios: 1) multi-
aircraft proximity management, 2) multi-aircraft conflict detection, and 3) multi-aircraft

conflict resolution.

Multi-Aircraft
Proximity Management

z SN

Multi-Aircraft Multi-Aircraft
Conflict Detection [ | Conflict Resolution

Figure 67. Tasks for multi-aircraft conflict detection and resolution.

The proximity management system maintains spatial-temporal proximity
information for all aircraft. The proximity management system would manage surveillance
data including radar and GPS to establish the current location of aircraft as well as intent
data including flight plans. The size and shape of the sector analyzed should be determined
through the results of dynamic density measurements. In Chapter 3, a proximity
management system based on Delaunay Triangulations was presented; such a proximity

management system would be adequate for multi-aircraft scenarios.

Conflict detection works with proximity management to identify conflicts based on
present and future Tactical and Strategic Alert Zone and Protected Airspace Zone overlaps,
and runs cluster analysis and free space analysis in order to support conflict resolution.
Cluster analysis may be performed on the aircraft position data to identify aircraft in close
temporal and spatial proximity, based on time-to-closest-approach and range at the point-
of-closest-approach. Further analysis of clusters of neighboring aircraft also indicates
where there is a potential for the domino effect in conflict resolution, where the conflict
resolution between a subset of aircraft propagates further conflicts that may or may not
have been directly connected with the original subset of conflicting aircraft. Cluster
analysis also identifies the free space for conflict resolution. It is important to note that the

conflict resolution free space changes as a function of time, and this free space must be
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analyzed from the current time through the end time of conflict resolution. The time
required for a conflict resolution is identified by a time until achieving a zero range rate for

any pair of two aircraft, as discussed in this report.

The 3-aircraft conflict detection and resolution example given above provides
insight into the cbmplexity of multi-aircraft conflict resolution. Free space analysis is
needed to compare the available free space determined by conflict detection to maneuver
envelope needs for pairs of conflicting aircraft with constraints imposed by third, fourth, or
more aircraft located nearby. Heuristic algorithms, like the one given above or the genetic
algorithm based solution given in [DAC96], must be investigated for feasibility to identify
their weak points. A fully cooperative maneuver with 3 or more aircraft coordinating their
motion may be necessary to guarantee safety.
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5. STRATEGIC CONFLICT RESOLUTION

In this chapter, strategic conflict resolution strategies are investigated. Whereas the tactical
encounter is concerned primarily with safety (maintaining separation), the strategic
encounter is concerned with economics as well as safety. Economics is treated by
considering direct operating costs, composed of fuel and flight time costs, involved in
maneuvering to avoid a conflict. In this way, one of the primary objectives of Free Flight,
namely, enhancement of flight efficiency, is being addressed. The objectives of our
strategic encounter research are: to evaluate different strategic maneuvers for arbitrary initial
conditions, to evaluate the direct operating cost of a maneuver, to define a logical set of
“rules-of-the-road” for conflict resolution, and to evaluate the economical savings of
reduced separation requirements.

Under the strategic evasion scenario, the intent is to sufficiently achieve the required
separation while minimizing economic factors. Economic factors may include: reducing
time delay, fuel cost, and direct operating cost, in addition to minimizing conflicts with
other (third aircraft) traffic, and minimizing passenger discomfort. This might lead to the
selection of any of a set of standard maneuvers: heading, speed, or altitude control, or a
combination of these. In all these cases, the emphasis will be on minimum deviations of
the original flight track while achieving the required minimum separation distance at closest
approach. An opposing criteria, which leads to initiating these maneuvers closer to the
intruding aircraft, is the uncertainty in accurately predicting the time and location of the
point of closest approach. Hence, while the desire to minimize the economic penalty leads
to a gradual maneuver at a longer initial range, a tradeoff exists due to the uncertainty at the
longer range in predicting the actual separation at closest approach as well as accurately
performing the conflict resolution guidance maneuver.

In the sections that follow, first strategic heading control maneuvers are
investigated, followed by speed control and altitude control maneuvers.  After
investigations of the theory of these maneuvers are presented, the economics of these
maneuvers is investigated. Finally, these strategic results are combined with tactical

conflict resolution results in one set of “‘rules-of-the-road’’.
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5.1 Strategic Heading Control Maneuvers

Strategic heading control maneuvers are investigated with the following assumptions. It is
assumed that the heading maneuver performed will consist of a series of standard vectoring
maneuvers (heading changes) such that straight line motion occurs in between heading
changes. The time and distance to implement the change in heading for one or both aircraft
is small in comparison to the time and distance of the overall maneuver. Heading
maneuvers are performed in the horizontal plane with standard turn rates. No uncertainty
analysis will be performed in the design of heading maneuvers, although the effects of
uncertainties was investigated in Chapter 3 to determine if a maneuver should or should not
be initiated for a given set of initial conditions. Finally, non-cooperative and cooperative
cases will be considered for strategic heading maneuvers.

The design of strategic heading maneuvers considers an arbitrary initial condition, a
separation constraint, and several possible final conditions. As done in previous analysis,
the motion of aircraft B may be described relative to aircraft A in the moving reference
frame of aircraft A. Aircraft B will follow a trajectory in the direction of the line of relative
motion if no heading maneuver is performed. If the line of relative motion does not pierce
the Protected Airspace Zone, then there is no need for a conflict resolution maneuver.
Thus, there is a limited region of initial conditions for which heading maneuvers are
necessary, as shown in Figure 68. The horizontal separation constraint, currently
established at 5 nmi, thus requires the relative motion to pass around the Protected Airspace
Zone. Optimal paths [Mi86] around circular obstacles, namely the Protected Airspace
Zone, consist of straight line segments tangent to the circular obstacle and arcs of the
circular obstacle — the portion of the optimal path that passes along the arc is sometimes
referred to as in the saturated constraint period [DAC95]. The final condition establishes
the point of departure from the circular arc around the separation constraint. Three final
conditions may be appropriate: return both aircraft back to track using a symmetric heading
maneuver, return both aircraft back to course (original heading), or return both aircraft
towards their next waypoints (a heading angle typically in between the angles required for
the return to course and return to track). With these final conditions, the point of departure
from the circular arc constraint is determined by the point of tangency between the circular
constraint and the symmetric point for return to track, the point of tangency that matches the
original course direction for the return to course, and a point of tangency determined by the
next waypoints for the return to the next waypoints.
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Figure 68. Optimal strategic heading maneuver geometry (non-cooperative case).

The required heading change for a strategic heading maneuver can be derived from
the maneuver geometry. Figure 69 illustrates the geometry for a non-cooperative
maneuver. For non-cooperative maneuvers, feasible maneuvers are described by all
relative motion vectors ¢ =V, —¥,, with ¥, fixed in magnitude and direction, and ¥, fixed
in magnitude but free to change in direction using a standard turn rate. Assume that the
amount of time the heading change requires is small in comparison to the time to closest
approach, so an instantaneous change in heading is considered for modeling strategic
heading maneuvers. There are two maneuvers shown in Figure 69, a frontside and

backside maneuver. The frontside maneuver is described by aircraft B changing its

+

velocity vector to V" such that the resultant relative motion vector becomes ¢*. The

relative motion line for the frontside maneuver is tangent to the Protected Airspace Zone

~

circle; the point of tangency is located by the unit direction vector S*. Likewise, the
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backside maneuver is described by the velocity vector v, the relative motion vector ¢~

L]

and the point of tangency located with the unit direction vector §~.

B +
/Izrotected

Airspace
Zone

Feasible Maneuvers:
Locus of all ¢ vectors Backside

Maneuver

Line of Relative Motion
with No Maneuver

Figure 69. The relative geometry for strategic frontside and backside heading maneuvers.

The point of tangency location is determined by geometry. The projection of the

range vector 7 and the unit direction vector ﬁ pointing to the point of tangency gives:
F-B=R (83)

where 3 could be either the frontside or backside unit direction vector, and R is the desired

miss distance. This equation (83) can be expressed in the scalar form:

xB, +vB, =R (84)
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where the unit direction vector is 8= f,x+ .3 and the location of aircraft B relative to
aircraft A is at (x,y), as shown in Figure 70. Furthermore, since the vector B is a unit

vector, it has unit magnitude:

B+B}=1. (85)

B .(X,¥)  Frontside
\ Maneuver

~
C+

o>
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Protected
Airspace

B_ / Zone

Figure 70. The vector analysis for frontside and backside heading maneuvers.

Combining equations (84) and (85) gives a quadratic equation:
r’B,*-2RyB, +(R*-x*)=0 (86)

which has the two real solutions: ﬁ),] and ﬁ.vz' (It is easy to show that as long as aircraft B

is outside the Protected Airspace Zone of aircraft A, then these solutions are real numbers.)

Next, given either S, =f, or f,=f, ,» the value for 3, can be determined from:

B, =—2Y (87)

Finally, the two solutions J, =ﬁx,£+ﬁ)‘1_\7 and B, =B ,x+ B, ¥ can be distinguished as

frontside and backside maneuvers by checking the sign of 7 x B .

The directions of the frontside and backside maneuvers are determined next. As
illustrated in Figure 70, the point of tangency location establishes:
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¢ B=0and éxp = +3. (88)
Solving these equations (88) gives the directions of frontside and backside maneuvers.

Next, the magnitudes of the relative motion vectors are determined. For the non-
cooperative case, the magnitude and direction of the velocity vector of aircraft A is
described by v, =v,9. As shown in Figure 69 and 70, the model for the heading

maneuver of aircraft B allows the velocity vector v, to be located on a circle described by:
cf +(c, +v, ) = vf, (89)

where the relative motion is ¢ =c,x+c,y, the speed of aircraft A is v,, and the speed of
aircraft B is vp. Given the direction of a maneuver to be ¢=cC=cc X+cé, 7,

equation (89) becomes:

(&)’ +(cé, +v,)* = v}. (90)
Equation (90) establishes the following relationship for the unknown c:
¢+ Q26 v, )c+(va—vy) =0 91)

which can be solved using the quadratic equation:

¢ ==V, vy —Ev). (92)

Two solutions ¢, and ¢, result. However, equation (92) applies to both frontside and

backside maneuvers, so a total of four candidate solutions exist, as illustrated in Figure 71.

For frontside maneuvers, the two solutions ¢,” =¢,¢™ and ¢, =c,¢* are determined by

equation (92) using ¢* =¢;x+¢; 9, and for backside maneuvers, there are the two

solutions & =¢;¢” and ¢; =c,¢” determined by equation (92) using ¢~ =&, %+¢; 9

Given the four candidate solutions &', ¢;, ¢, , or ¢,, the candidate solution that is closest
to the current relative motion ¢ is the best maneuver since it requires the smallest heading

change. The required heading change is computed using the candidate maneuver velocity:

Frontside: vz =¢* -V, or Backside: ¥ =¢" -7, (93)
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for the angle between the velocity vector v, (before the maneuver) and the new velocity

vector (after the maneuver):

Frontside: A¥, =cos™ (v, -¥,) or Backside: A¥, = cos™ (¥, -7,).  (94)
B B B B B B

However, limitations for candidate maneuvers occur when the quadratic equation (91) has

complex roots; these limitations will be investigated later.

¢ Current Relative Motion

¢; Backside Maneuver

Feasible Maneuvers:
Locus of all ¢ vectors
S—

Figure 71. The four frontside and backside non-cooperative maneuvers.

For cooperative cases, the magnitudes of the relative motion vectors are similarly
derived. In the cooperative case, the velocity vector for aircraft A can be changed to have

components ¥, = v, X +v, ¥, in contrast to the non-cooperative case where ¥, = v, 5. The

model for the heading maneuver of aircraft B relative to aircraft A allows the velocity vector

vy to be located on a circle described by the equation:

(e, +v, ) +(c, +v,) = v} (95)

where the relative motion is ¢ =c,X+c,¥, and the speed of aircraft B is v,. Given the

direction of a maneuver to be ¢ = ¢¢ = ¢, X +¢¢, ¥, equation (95) becomes:

(Céx + Vy, )2 + (Cé‘_ + \!A“ )2 = 1,';. (96)
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This equation (96) establishes the following equation for the unknown c:
¢+ (28, +28v, )c+(vy—vy) =0 (97)

which can be solved using the quadratic equation, provided that the components of the

velocity vector v, =v, x+v, y are known. Since these components for the velocity
X ¥

vector of aircraft A are unspecified at this time (to be determined by further economics
analysis), there are an infinite number of candidate solutions for the magnitude c¢. In

comparison, the non-cooperative case results in four candidate solutions.

In both non-cooperative and cooperative cases, there are limitations on heading
maneuvers in both the magnitude and direction of the maneuver. The basic geometry of a
heading maneuver is determined by the relative motion ¢ =V, -v,, as shown in Figures
68 and 69. In general, this relative motion vector has the following magnitude lower and
upper bounds:

||‘73|‘|VA||5|5|=|‘7B“7A|5|‘_’B|+"_’AI- (98)

Consider three cases based on speed ratio ¥ =v,/v,. When y> 1 or y< 1, there is a finite
lower bounds for the magnitude of ¢, but when y= 1, it is possible to have a zero relative
motion vector, ¢ =0, and at or near this condition the conflict resolution maneuver may take
an impractical amount of time. As for the direction of ¢, illustrated in Figure 72 and 73,
cooperative scenarios have no direction limitations for ¢, but for non-cooperative
scenarios, there are limitations on the magnitude and direction of ¢ when y < 1. This is
bounded by two concentric circles, as shown in Figure 73. The magnitude of the ¢ vector
is represented by the distance from the base point (o) to the points on the outer limit circle.
When y= 1, the inner circle vanishes, otherwise, for y > 1 or y < 1, the lower bounds on
the magnitude of ¢ creates the inner limit circle. The angle the ¢ vector makes with the y-

axis of the aircraft A moving axis system defines a relative maneuver angle . for ¢. For

y> 1, there are no limitations on the direction of ¢. For y< 1 in the non-cooperative case,

the ¢ vector becomes more and more constrained in direction as the speed ratio y
decreases; ¢ is limited in direction by the angles [, < -7+ sin”'y and B.>m- sin”'y .
When y< 1 and aircraft A is non-cooperative, aircraft B is flying slow in compared to the
faster but non-cooperative aircraft A. If ¢ is directed at the Protected Airspace Zone, this

situation represents an extremely dangerous non-cooperative situation; aircraft B may not

be able to avoid a conflict no matter how much maneuvering is performed. This analysis of
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the limitations of the magnitude and direction of the maneuver vector ¢ indicates that there

may be some cases where one or both of the front and backside maneuvers are

unachievable.

Limit Case A Limut Case
Backside A g Frontside
Maneuver Maneuver
cy)

(cicy)

Figure 72. Three cases for non-cooperative strategic heading maneuvers; the
geometry limits the magnitude and direction of the relative motion ¢
maneuver vectors depending on the speed ratio .

Locus \of c
maneuver Yectors
for cooperative
maneuvers~ —

Y>1 shown

Figure 73. The geometry of the relative motion ¢ for cooperative strategic heading
maneuvers defines a locus of all maneuver vectors in the form of two
concentric circles.

Maneuver charts for optimal strategic heading control maneuvers may be formed by
computing the optimal heading maneuver trajectories for arbitrary initial conditions.
Example maneuver chart results are shown in Figure 74 through 76. As previously

discussed, the frontside or backside maneuvers are applicable in a limited region, a band
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around the pure collision relative motion line; outside this band, there is no maneuver
necessary. However, a pure collision line is not always the separator (dispersal surface)
between frontside and backside maneuvers. When constructing the maneuver chart,
considerations must be made for the direction limitations of the relative motion vector for

frontside and backside maneuvers, as previously discussed. If the speed ratio condition is
Case 1, y>1, then there are no limitations on the direction for a heading maneuver, and the
dispersal surface is the pure collision line, as shown in Figure 74. If the speed ratio

condition is Case II, y =1, then the relative motion heading is limited by the relative

maneuver angle . <—% or B, >§. Consequently, there are regions where only a

backside maneuver can be performed, as shown in Figure 75. If the speed ratio condition

is Case III, y <1, then the relative motion heading is even more limited by the relative

maneuver angles f, <-m+ sin'y and on the other side by B >m-sin"'y.
Consequently, there are regions where only backside maneuvers can be performed, and a
region where neither a frontside nor a backside maneuver may successfully accomplish a
strategic maneuver (note that the assumptions for a strategic maneuver greatly deteriorate
here as well). Figure 76 shows a maneuver chart result for Case III.
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Figure 75. A non-cooperative strategic heading maneuver chart for a speed ratio y=1.
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Figure 76. A non-cooperative strategic heading maneuver chart for a speed ratio y </.
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Since the optimal paths contain a saturated constraint portion, they may be difficult
for a pilot to accurately follow. For easier implementation, a turning point approximation
or offset approximation [DAC95] for the optimal trajectory simplifies the heading maneuver
to be a series of vector heading changes, as shown in Figure 77. In this way, standard
ATC vectoring commands can be given at each turning point. For our analysis, the turning
point is defined by the intersection between the tangency line connecting the initial location
of aircraft B to the Protected Airspace Zone constraint circle and the zero range rate line
corresponding to the original course, as shown in Figure 77(a); and the offset maneuver is
tangent to the Protected Airspace Zone constraint circle and parallel to the original track, as
shown in Figure 77(b). While the turning point approximation has one fewer turn
command, the offset approximation limits the lateral deviation for conflict resolution. To
minimize the communications needed for conflict resolution, the turning point
approximation can be applied with an initial turn and a return to the next way point
occurring at the zero range rate point. In this way, only two commands are given, reducing
the amount of communications to two transactions.

Zero Range Rate Zero Range Rate
Line for Original Track Line for Original Track

Initial " Protected Initial " Protected

Maneuver Airspace Maneuve Airspace

Zone Zone

o N , Offset 7" \7 % ,
Turning Point —, Final Turning Point - Final

Maneuver Maneuver

Maneuver Maneuvers — %"

Figure 77. Two strategic heading maneuver approximations: (a) a turning point
approximation, and (b) an offset approximation.

The final consideration in designing maneuver charts that are acceptable for air
traffic controllers and pilots is to consider navigation methods and aids. Today, an air
traffic controller typically advises an aircraft to vector in angles that are multiples of 10°.
Perhaps in the future multiples of 2° or 5° may be more typical as more accurate navigation
equipment is onboard aircraft and more precise surveillance is available for air traffic

controllers. The optimal maneuver charts presented so far would advise arbitrary heading
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changes, for instance 3.7°, 5.2°, or 8.7°. However, these types of heading advisories may
be difficult to follow by pilots without advanced navigation equipment. Instead, maneuver
charts can be created to allow for heading changes that are only multiples of a standard
heading change of 2°, 5°, or 10°. These more practical maneuver charts can be based on the
optimal precise maneuver charts with the optimal heading maneuver angle rounded up to
the nearest 2°, 5°, or 10°.

5.2 Strategic Speed Control Maneuvers

Strategic speed control maneuvers are investigated with the following assumptions. The
aircraft speed profile for a strategic maneuver is illustrated in Figure 78. The aircraft
accelerates or decelerates to an upper or lower speed limit. The speed limit is established
such that the aircraft will arrive at the Point of Closest Approach PCA exactly at the
minimum separation standard. Furthermore, a symmetric maneuver is executed such that
the aircraft remains at the minimum or maximum speed until accelerating or decelerating
back to the original speed. The original speed is reached at a symmetric point opposite
from the initial speed maneuver point, as shown in Figure 78. Both frontside and backside
maneuvers are considered for the strategic analysis.

Air
craft v ' PCA and Point of
Speed 0 Symmet
d Deceleration | Y i
| a Acceleration
tn [ — — — - bR N
Lower Speed Limit | d
I Time
Lo ld 1 PCA d (a
Time of Time to Time to Time to Time to
Speed Lower PCA using to accelerate  Return to
Maneuver  Speed Deceleration original speed

Initiation Limit

Figure 78. The symmetric speed profile used for the strategic analysis.
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5.3 Strategic Altitude Control Maneuvers

Strategic altitude maneuvers are investigated with the following assumptions. The aircraft
vertical profile for a strategic maneuver is illustrated in Figure 79. It is assumed that both
aircraft are initially flying at the same altitude, both aircraft are flying steady level flight
paths, and both aircraft have a relative geometry such that a pure collision would occur if
no conflict resolution maneuver were performed. The geometry analysis of tactical altitude
maneuvers from Chapter 4 is also used for this strategic analysis; the only difference is that
maximum and minimum climb and descent rates are not used for strategic maneuvers,
rather, the climb and descent rates are determined such that the aircraft B sufficiently climbs
or descends from the initial condition point to clear the Protected Airspace Zone, as shown
in Figure 79. Furthermore, a symmetric maneuver is executed such that the aircraft B
returns to the original altitude at a distance d from aircraft A, which corresponds to the
distance that aircraft B was from aircraft A when the maneuver was initiated. Since we
consider only aircraft that are initially at the same altitude, there is no initial benefit to being
closer to the topside or the bottomside of the other aircraft.

[ Point
| | of Symmetry |
< d >| <€ d >
| Topside - | - |
Aircraft B Bottomside ~ ~ " Ajrcraft A |  Protected - Aircraft B
i Returns to
| Airspace S
Zone Original
| Altitude

Figure 79. The symmetric speed profile used for the strategic analysis.

5.4 Economics Analysis

Next, we examine the economics of strategic maneuvers. The non-cooperative maneuver
puts all of the additional cost on the own aircraft, and the economics analysis is used to
determine when (or at what cost) to start the strategic maneuver. The cooperative maneuver
lets both aircraft share the responsibility for conflict avoidance, so in this case the
economics analysis determines when to start the strategic maneuver as well as how to
evenly split the maneuver effort. One could argue that even is when each aircraft executes
the same heading (speed or altitude) change or when each aircraft incurs the same fuel cost
to resolve the conflict. From the standpoint of the global economics of fleets of aircraft, the
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maneuver can be divided such that the total cost to both aircraft is minimized; however, this
might force the more efficient aircraft to take on most of the effort. A fair way of
maneuvering the aircraft can not be determined without considering the cost that each
aircraft incurs for each maneuver. Also, alternative maneuvers using heading, speed, and
altitude control must be compared based on economical considerations to determine the best

strategic solution. Next, a model for estimating the cost of the maneuver is established.

One of the primary cost factors for aircraft is the Direct Operating Cost (DOC)
penalty incurred by executing conflict resolution maneuvers. The DOC penalty function
used in this research effort incorporates both fuel and time elements. Included in the DOC
are 1) the additional fuel required due to the increased drag and flight path distance traveled
during a maneuver and 2) the additional (non-fuel) operating costs due to the additional
time required to execute the maneuver and return back to course:

DOC = C,, AW, +C,, AT (99)

Suel time

where C

et 18 the cost of fuel, AW, is the additional fuel used in the maneuver, C,,, is

time
the time dependent aircraft operating cost, and AT is the additional time used in the

maneuver. The DOC terms C,,, and C

lime

are investigated by [CD95], for example
Cne=$0.101b and C,,. = $15.22/min. A maneuver is modeled by flight segment

e =
components such as turn segments, climb segments, steady level flight segments, and
acceleration segments. The time and fuel burn for each segment is summed to give a total
time and fuel burn. Finally, the DOC of the maneuver is compared to the DOC for
performing no maneuver at all to determine the additional fuel and time costs. Calculating
the fuel burn for the aircraft is the most difficult part of the analysis and the method used is
outlined below. Another factor which needs to be considered is the additional DOC
incurred by neighboring traffic if it is impacted by conflict resolution maneuvers; however,
we do not model this cost in our current analysis.

A fuel burn estimate is required to properly estimate the cost of maneuvering an
aircraft for conflict resolution. Such an analysis is performed with the Breuget
range/endurance equation [An89]. To start, consider the fuel burn equation:

dw

?— TRC (]OO)

J

where W is the weight, ¢, is the specific fuel consumption, and 7} is the required thrust.

For horizontal or climbing maneuvers the required thrust will be:
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T, =D+Wsiny, (101)

where D is the drag and Yy is the steady state flight path angle. Aircraft are modeled with
parabolic drag polars and fuel consumptions which vary linearly with airspeed. The lift

coefficient C, is described in terms of the aircraft weight and speed as follows:

C = 2Wcosy,,

102
Lopvis, (102)

where V is speed, p is air density, and S, is the reference wing area. The drag is modeled:
D =1C,pV’S, (103)
where C,, is the drag coefficient, approximated by:

C,=C, +KC’*. (104)

1
Here, C,, is the zero lift drag coefficient, K = AR is the induced drag factor, e is
Tte

Oswald’s efficiency factor, and AR is the wing aspect ratio. Furthermore, the thrust
specific fuel consumption of a turbojet or turbofan engine increases nearly linearly with
mach number [Ra92]. For this reason, the fuel consumption can be modeled as:

c; =0V (105)

7
where G is the linear coefficient. Next, these endurance equations can be combined to

obtain the fuel burn equation:

2
DY o 1pvis,| €+ K| 2T | | Wing lov . (106)
dt pv’s, :

Equation (106) is integrated to calculate the fuel burn, given the geometry of the previously
defined turning point heading maneuvers, symmetric altitude maneuvers, or symmetric
speed control maneuvers. For cases of constant altitude and constant climb rate, the
airspeed is constant, allowing equation (106) to be evaluated analytically. For acceleration

cases where the velocity is not constant, the equation must be integrated numerically.

Heading maneuvers, altitude maneuvers, and speed control maneuvers are
compared based on economics. Consider the following example. Two identical generic
turbojet aircraft flying at the same speed are positioned such that a pure collision will result
if no evasive action is taken. The specifications for the aircraft are shown in Table 1. The
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speed of the aircraft is chosen so that the direct operating cost DOC is minimized. For
example, Figure 80 shows this speed is 400 kts for a hypothetical aircraft. At some
specified range from the point of conflict, one of the aircraft maneuvers to avoid the conflict
using a non-cooperative maneuver. Figure 81 through 86 illustrate heading, speed, and
altitude cost analysis results when the scenario geometry is varied. This analysis can
identify the cost to maneuver, which in turn, can be used to determine which maneuver to

use and when to initiate the non-cooperative maneuver.

Table 1. Specifications for a conflict resolution investigation.

Altitude 34000 f1
Zero lift drag coefficient, Cp, 0.019
Induced drag factor, K, 0.054
Fuel efficiency factor, o 2.08x 107" IbAIb hr kt)
Gross Weight 110000 Ibs
Wing Area 1889 f1*
Cost of fuel $0.12/1b
Cost of flight time $913.20/hr
2400 ™

23501

2300

Direct Operating cost ($)
N
o
o

2200+

2 1 50 L A 1 1 1 1 1 1
300 320 340 360 380 400 420 440 460 480 500
Airspeed (kts)

Figure 80. Example aircraft DOC versus airspeed for a 500 nmi cruise.
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Figure 81. Example solution for no maneuver (left) and a non-cooperative heading
maneuver (right) for an initial heading difference 8 = 90° and 30 nmi distance
from a pure collision.

F -3
n
T

i

H
(=]
T

L

Heading Maneuvers

w
3,
T

w
Q
T

N
(5,
T

Frontside 7
Speed Control Maneuvers

n
(=]
T

Slow Down

Cost of Maneuver (time & fuel) $$

15+ Backside
10
5 -
Altitude Maneuvers
O .
-5 1 1 ( 1 1
0 10 20 30 40 50 60

Distance from Point of Collision (nmi)

Figure 82.  Maneuver costs for non-cooperative maneuvers with an initial heading
difference of 8 = 90°.
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Figure 83. Example solution for no maneuver (left) and a non-cooperative heading
maneuver (right) for an initial heading difference 8 = 120° and 30 nmi distance
from a pure collision.

T T T T T
45+ -
40t .
Speed Control Maneuvers
&
# 35+ .
?:,’ Heading Maneuvers
o 30T Slow Down 1
o
'E, o5k Speed Up )
2 .
o201 rontside
g
= 15}
(o]
w Backside
3 10r
5r -
Altitude Maneuvers
O -
-5 1 1 1 1 !
0 10 20 30 40 50 60
Distance from Point of Collision (nmi)
Figure 84.  Maneuver costs for non-cooperative maneuvers with an initial heading

difference of 6 = 120°,
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Figure 85. Example solution for no maneuver (left) and a non-cooperative heading
maneuver (right) for an initial heading difference 6 = 150° and 30 nmi distance
from a pure collision.
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Figure 86. Maneuver costs for non-cooperative maneuvers with an initial heading
difference of 6 = 150°.
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These results imply several important conclusions. The most obvious conclusion is
that altitude maneuvers are far less costly to perform than either speed or heading
maneuvers. Furthermore, altitude maneuvers appear to be independent of initial aircraft
orientation and the range at which the aircraft start the maneuver. Notice that speed
maneuvers become prohibitively expensive when closer than a range of 30-40 nmi. Also,
as the heading difference 6 increases for the two aircraft, the heading maneuvers become

less expensive and the speed maneuvers become more expensive.

Altitude maneuvers prove to be favorable for a couple of reasons. First, the vertical
separation requirements are less stringent than the horizontal separation requirements, thus
making altitude maneuvers easier to achieve. An aircraft only needs 1000 ft vertical
separation compared to 5 nmi (30380 ft) horizontal separation. If one only considers
clearance distance required by each maneuver, the altitude maneuver is 30 times less
demanding. (As the horizontal separation constraint is reduced with better surveillance, for
instance, from 5 to 3 to 1 nmi, this argument will change.) The second advantage for
altitude maneuvers is that they are largely conservative. The aircraft gains potential energy
while climbing which it, in turn, uses during the descent. Since the climb rate required to
gain 1000 ft over a range of 10 to 50 nmi is very low, the airspeed of the aircraft hardly
changes. The resulting increase in drag is small, making the maneuver almost conservative.
In comparison, the turning aircraft increases its load factor which increases drag
considerably, and consumes energy nonconservatively. Furthermore, the detour that the
turning aircraft makes has no subsequent benefit.

The speed maneuvers are the most costly of all of the maneuvers. Slowing the
aircraft not only wastes time but also operates the aircraft at a speed which is inefficient.
Speeding the aircraft up, while not wasting time, again operates the aircraft at an inefficient
speed. To explain the inefficiency, recall that drag increases with the square of velocity and

the power required for flight increases with the cube of velocity.

Next, the direct operating cost DOC model is used to investigate cooperative
strategic maneuvers. The purpose of the analysis is to determine the best way for two
aircraft to evenly split the strategic maneuver. The key word even is dependent on a
criterion yet to be established; indeed, it is not necessarily the intent of this research to
define even, but rather to discuss the options and illustrate the results. Consider the case
where simple heading vectors are used as is shown in Figure 87. One could argue that
even is when each aircraft executes the same heading change. However, when the same
heading change is executed by two aircraft traveling at different speeds, the faster aircraft



106

140 i
., Aircraft B
ﬂ\ turn initiation
1201 - 1
= 100} ... <=PAZ 1
E PCA=> \i‘.:;..“\
3 )
5
©
£ 8ot -
>
60} ]
Aircraft A
r turn initiation
40+ | T
40 60 80 100 120 140

x (Nautical Miles)

Figure 87. The flight paths for Aircraft A and B during a cooperative strategic
maneuver, a line connects the trajectories at the Point of Closest
Approach PCA.

will contribute more to the miss distance. Next, even could also be defined when each
aircraft contributes equal amounts of fuel cost in resolving the conflict. Yet another way to
define even would be to choose a maneuver which minimizes each aircraft's conflict
resolution direct operating cost. Note also that the information available to a decision
support algorithm is likely to only include the positions, speeds and headings of both
aircraft. With such limited information, it is difficult to determine the most economic
maneuver when the economics is so dependent on individual aircraft performance. Thus,
any algorithm based on economics will necessarily have to be fairly general. Also, the

method developed should be a suitable economical analysis for virtually any two aircraft.

The purpose of the analysis is to economically compare maneuvers; the purpose is
not to evaluate nor to rank the most economical aircraft. Comparisons of specific aircraft
pairs do not lend themselves to general conclusions. Consider the comparison of a
business jet encountering a large commercial transport. The business jet, generally being
one tenth the weight of the transport, will always burn less fuel regardless of the maneuver.

The subsequent economic analysis suggests that total cost is minimized by always placing
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the total burden of the maneuver on the business jet regardless of the speed of the two
aircraft. Such results do not suit our purpose. To make generalized conclusions, we must
specifically avoid results which are biased by aircraft performance.

The problem with comparing the operating costs for cooperative maneuvers is that
the more efficient aircraft typically bears more of the burden of maneuvering. To avoid an
unfair bias towards issuing larger heading changes to the more efficient aircraft, a special
effort must be taken to artificially set both aircraft to be equally efficient. Under these
conditions, we then split the effort equally. If they are not equally efficient in reality,

which is most likely the case, then the less efficient aircraft ends up incurring a greater cost.

To develop a general result, some economic equivalence must be imposed.
Therefore, the following rule is applied to both aircraft models in the analysis: the DOC in
terms of $/nmi will be assumed identical for all aircraft regardless of speed. The operating
cost could also have be determined in terms of $/hr, since maintenance schedules are often
determined by hours of operation. This definition stems from the standard metric of
cost/seat /mile, commonly used by the airlines.

To achieve the economic equivalency, five constraints are imposed on the two

aircraft models which are used in the analysis: 1) establish the same drag polar with
K, = K, 2)establish the same initial lift coefficient C,_ =C,, to insure equal
aerodynamic efficiency, 3) use the same specific fuel consumptions o, = ¢,, 4) establish

the same weight W, = W, and 5) establish crew times proportional to aircraft speeds:

C.
time B =v_B (107)
C v,

time A

Both aircraft must be fixed to have identical drag polars so that they have the same drag
coefficient at a given lift coefficient. To insure equal lift to drag L/D ratios, both aircraft
must also be fixed to have the same lift coefficient. This requires C o, = Cp,,» and for
aircraft at different speeds, the reference area, S, , for each aircraft must be adjusted so that

the lift coefficients are the same:

2W W, ?
CLA = _w—A = CLB = 2 so that Sw = Sw A‘7 .
2 [ A VB-

(108)

To insure that the fuel consumption yields equivalent fuel burns for both aircraft, the fuel
consumptions are scaled as follows: ¢, =0V, and ¢; =0V, where o is the fuel

efficiency factor of the generic aircraft as indicated in Table 1.
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Using this analysis, two economically equivalent aircraft are investigated to
establish the cooperative maneuver. Consider the case where aircraft B is flying at 300 kts
and aircraft A is flying at 400 kts, where these are the ideal operating speeds for each
aircraft, as shown in Figure 88. Notice both aircraft are fixed to have the same unit cost
per nmi even though they have different operating speeds. Figure 89 shows the required
heading changes and DOC for both aircraft plotted as a function of the percentage of the
final miss distance that aircraft A contributes (B contributes the difference). The cost of the
maneuver is shared equally where the DOC lines for each aircraft cross. Note that this is
not necessarily where both aircraft execute the same heading change. Furthermore, the
point where the overall DOC is minimized is where aircraft A bears 68% of the burden for
the turn (marked *). This plot indicates that it is more economical to let the faster aircraft
bear more of the maneuvering burden. For two aircraft with equal speeds, plots indicate
that backside maneuvers are generally less costly than frontside maneuvers. The backside
maneuver is generally more efficient because the relative velocity, ¢, is faster with
backside maneuvers; the point of closest approach is then reached sooner than when the
frontside maneuver is used.

. Cost curve for aircraft B

Cost per 500nmi
n
U
8
T

2200 Cost curve for aircraft A

2100 - Best Operating Point for B Best Operating Point for A

2000 1 1 1 1 L 1 |
200 250 300 350 400 450 500 550 600

Airspeed (knts)

Figure 88. A. cost curve comparison between two different aircraft,
Aircraft A and Aircraft B, over a 500 nmi distance.
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Figure 89. Required heading change and DOC for aircraft at different speeds; Aircraft A at
400 kts and Aircraft B at 300 kts in a 90 degree conflict; the top plot identifies the heading
changes required for aircraft A and B for feasible conflict resolutions, the second plot
identifies the minimum DOC solution, the third plot identifies the total minimum fuel
solution, and the bottom plot identifies the minimum total time delay solution. Also
indicated in each plot is the equal heading, DOC, fuel, and time solutions where the
individual solutions for aircraft A and B cross.
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5.5 Benefits of Reduced Separations Standards

Next, the benefits of reduced separation standards can be investigated by
performing this analysis for cases where the Protected Airspace Zone PAZ radius is
reduced from 5 to 3 or 1 nmi - feasible due to more accurate navigation information, such
as provided by GPS. Figures 90 through 92 illustrate the economics of reducing the
separation requirements. The results indicate that a reduction in the horizontal separation
standard from 5 to 3 nmi can reduce the cost of a maneuver by roughly 3 times. Reducing
the horizontal separation standard from 5 to 1 nmi can reduce the cost of a maneuver by
roughly 10 times. No significant change occurs in the cost of altitude maneuvers, which
are relatively inexpensive for all cases.

Economics of Reduced Protected Airspace Zone (PAZ) Size

45+ .
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Figure 90. The cost of non-cooperative heading maneuvers where aircraft B flies to
the frontside or backside of aircraft A; trends show the economic
advantage of reducing the horizontal separation requirement from 5 to 3
or 1 nmi (heading difference of 8 = 90°).
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Figure 91. The cost of non-cooperative speed control maneuvers where aircraft B slows
down or speeds up with respect to aircraft A; trends show the economical
advantage of reducing the horizontal separation requirement from 5 to 3 or 1 nmi
(heading difference of 8 = 90°).
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5.6 Combined Tactical and Strategic Maneuver Charts

Finally, transitioning from no maneuver to strategic cases and between strategic and
tactical cases needs further analysis. While the desire to minimize the economic penalty
leads to a more gradual maneuver at a longer initial range, a tradeoff exists due to the
greater uncertainty in predicting the separation at closest approach. When vary far away,
no maneuver should be performed until the probability of false alarm is sufficiently
reduced, as shown in Figure 93. Deciding when the strategic situation becomes a tactical
situation will require human factors research, which is not discussed here. This transition
may be triggered by some warning time-to-go to the Tactical Alert Zone, essentially the last
chance to maneuver. Examples of such time-to-go warnings were covered in Chapter 3.

Low Probability
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x
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Alert

Zone
“Hold ™
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~

Tactical
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~ > Heading
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Figure 93. Regions around the Protected Airspace Zone help to define when no
maneuver is performed due to a low probability of conflict, when the
strategic maneuver is used, and when the tactical maneuver is used.
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6. SYSTEM MECHANIZATION ISSUES

In this chapter, mechanization issues associated with fielding an effective conflict detection
and resolution system are discussed. First, the various system elements, or components,
are identified. Then, we discuss the mechanization of the conflict detection logic including
the effects of measurement error on probabilities of false alarm, missed alarm, and incorrect
maneuver selection. Next, the coordination of maneuvers via data exchange between two
cooperative aircraft is discussed, including communication requirements. Displays and
human factors issues are described next, and finally, the uses of simulations and flight tests

to evaluate a prototype system are summarized.

6.1 Mechanization Elements

Figure 94 is a block diagram that depicts the elements, or components, that make up or

affect a conflict detection and resolution system within the context of an aircraft system.
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Figure 94. Mechanization elements of a traffic conflict detection and resolution system.
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Included in this system block diagram are the following:

1)

2)

3)

4)

Own Aircraft Dynamics. This is the controllable “plant” that is being maneuvered to
avoid the conflict. The plant is modeled with point mass dynamics, as presented
earlier in this report.

Navigation Sensors. This includes GPS complemented possibly by baro-altimeter,
INS, WAAS, or LAAS signals. An air data computer may also be used to derive true
airspeed. These sensors are used to compute the current position and velocity (state)
of the own aircraft.

Conflict Detection and Resolution Avionics. This is the collection of avionics that
implement the conflict detection and resolution algorithms. Included are the

following components:

a.  Conflict Aircraft Tracker based on received state and intent messages,
either directly from the other aircraft or from ground ATM sources;

b.  Trajectory Prediction of aircraft based on state and intent data for the
own and other aircraft;

c.  Conflict Detection based on relative range, range rate, speed, altitude,
point of closest approach PCA, time-to-PCA, and conflict probability;

d.  Conflict Resolution consisting of the maneuver and timing selection
logic to resolve conflicts;

€. Maneuver Commands consisting of the collaboration logic needed to
execute the maneuver and coordinate motion with associated maneuvers
of other aircraft; and

f.  Maneuver Monitor consisting of the logic that insures that conflicts are
being resolved as planned. Vemnier control commands may be required
to remove trajectory errors.

Pilot Interface Driver. This function computes the visual information that can be
projected onto a 2D plan view, 2D profile view, or 3D perspective view display and
aural alarms to alert the pilot of conflict situations. It includes the logic for icon shape,
orientation, placement, color, color changes, projection vectors, etc. as determined by
human factors studies to create an effective situational awareness display. Textual
messages may also be displayed. Information communicated to the pilot also includes
the command information that suggests how to respond to a detected conflict — which
maneuver to make, when to begin and end segments of the maneuver, how other
aircraft in the conflict are responding, and how to return to the flight plan after the
conflict has been resolved.
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6)

7)

8)
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Displays and Alerts. This includes a 2D plan view or 3D perspective view display
and aural alarms to alert the pilot of conflict situations. Also included is pilot interface
mechanisms for selecting maneuver options, setting map range scale, and adjusting
the flight plans for conflict resolution follow-up. In a sense, the displays work as a
flight director.

Database. The database contains the various data needed for an effective conflict

detection and resolution system. These data include:

a.  Flight Plan Data used to determine the own aircraft intent;

Tracked Trajectory Data and known intent data maintained for other
aircraft which may pose conflict threats;

c.  Wind Field Data assisting in trajectory prediction for own and other
aircraft; this is used for conflict detection assessment and strategic
resolution maneuvers;

d. Airspace Constraint Data identifying Special Use Airspace (SUA),
convective weather, or other airspace which the own aircraft should
avoid;

e.  Terrain Data used for aircraft-terrain conflicts and for modeling the
terrain if this is included as part of a display; and

f. Data Link Message Data from other aircraft, ATM, and AOC,
coordinated and prioritized for conflict detection, forming the basis of
communication and coordination data for conflict resolution.

Data Link Messaging. This component forms or processes data messages to be sent
to and received from other aircraft, the AOC dispatcher, and ATM. Outgoing
messages include own aircraft state (position, velocity, aircraft identification, aircraft
type) and intent, conflict detection status, conflict resolution maneuver intent and
status, flight plan changes, and other information such as weather measurements
useful to the AOC dispatcher and ATM for forming wind field data. Incoming
messages include other aircraft state and intent data, conflict detection and resolution
messages (which could come from ATM or other aircraft), and updated wind field
data.

Data Link Router/Broadcast. This device transmits and receives data link messages to
suitable onboard and/or extermal information consumers. External information
consumers include other aircraft, ATM, and AOC dispatchers.
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9)  Pilot. With respect to conflict detection and resolution, the pilot typically flies the
aircraft in response to maneuvers suggested by the conflict detection and resolution

system. However, the pilot retains override command of the aircraft.

10) Controls. This includes the usual throttle, elevator, aileron, and rudder controls for
affecting heading, speed, or altitude maneuvers.

11) Other Aircraft. Other aircraft have their own dynamics, data link, and avionics logic,
perhaps with different equipment from the own aircraft. These must be appropriately
modeled to the same fidelity as the own aircraft system model (Items 1-10) when
evaluating the effectiveness of the conflict detection and resolution logic and
designing pilot interfaces.

12) Winds. The wind field has an effect on the aircraft trajectory, particularly on the
relative velocity vector and how it directs an aircraft to travel to the point of closest
approach PCA. The further apart the two aircraft are at the initial point of the detected
conflict, the greater is the uncertainty in the wind field between them, affecting the
time-to-PCA.

Models are required of each of these components when analyzing or simulating a conflict
detection and resolution system. Analyses and fast-time simulations are required for
establishing various system parameters (e.g., nominal “acceptable miss distance” taking
into account trajectory uncertainties, time-to-PCA to begin strategic maneuvers, etc.), for
determining the sensitivity of the system performance to errors so that standards can be
established, for validating the reliability of the software logic for every point in the potential
operating envelope, and as a prelude to real-time simulations for establishing pilot interface
requirements.

6.2 System Sources of Errors and Uncertainties

With respect to the exchange of data, communications, computation of conflict detection
and resolution algorithms, etc., the effects of modeling errors and uncertainties in the real
world play an important role in mechanization. The navigation sensor, pilot, controls,
aircraft dynamics, and wind components shown in Figure 94 are sources of errors or
variations from nominal performance that affect the aircraft trajectories. For example,
variations in wind field model, longitudinal speed, climb rate, turn rate, navigation
accuracy, and pilot delay from the ideal model used to compute trajectories, point of closest
approach PCA, conflict probability, and resolution maneuvers are all important. The actual
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maneuvers and miss distance at PCA will be perturbed from the trajectory prediction logic

solution because of these errors.

A significant part of the conflict detection logic development must deal with
measurement and trajectory prediction uncertainty. For the case of air-to-air conflict
detection and resolution for Free Flight, it may be assumed that both aircraft are equipped
with GPS receivers that are corrected with WAAS or LAAS differential corrections, and
ADS-B to exchange position, velocity, aircraft identification, aircraft type, and intent
information directly between aircraft. Thus, the relative position errors are expected to be
less than 10 meters. The velocities may be in error on the order of 2 kts in magnitude and
1” in direction. Miss distances and PCA locations/times predicted from such a navigation
sensor will have uncertainty, the magnitude of which is dependent upon the initial range
between the conflicting aircraft and the measurement uncertainty properties, as discussed in
Chapter 3. Furthermore, while it is important to have confidence in the predicted
positions, there are at least two reasons why the prediction time should be limited, even if
perfect navigation fixes were available. First, an aircraft may not hold a constant velocity
vector. Second, a long prediction time implies a long resolution time, and this increases the
probability of multiple strategic encounters, overlapping in time — a so-called “domino
effect”, which is to be avoided. To mitigate these long term prediction problems, the Free
Flight domain may need a stable planning horizon enforced by the broadcast of aircraft
intent data. How strategic conflict resolution affects planning stability is an area in need of

further investigation.

Another type of error is in the execution of the trajectories relative to those directed
by the conflict resolution logic. This refers to the action of the pilot (or autopilot) to steer
the aircraft along the presented normal flight plan or a conflict avoidance maneuver path
indicated on the display. Actuation error is the difference between the aircraft state, as
measured by the navigation sensor and presented to the pilot, and the desired state as
dictated by the flight plan or conflict resolution maneuver plan. For example, pilots
initiating conflict resolution maneuvers will have timing errors. Pilots and even autopilots
will not keep the aircraft on perfect lines in space; there will be position and velocity errors.
These will all affect the actual miss distance and time-to-PCA.

A third type of error is due to the wind uncertainty along both aircraft paths leading
to the PCA between the two aircraft. This has a negligible effect on tactical maneuvers
because of the relative short ranges involved; both aircraft essentially experience the same

wind conditions. However, as the distance between the aircraft increases, as is the case in
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strategic maneuvers, the winds that both aircraft are experiencing may be vastly different.
A simple constant velocity wind model may not be appropriate.

The effects of these various measurement and trajectory prediction errors can be
analyzed using both statistical covariance analysis and Monte Carlo simulation techniques
(see Chapter 3). Both techniques are based upon using the model of the perfect, error free
maneuver as the baseline. The outcomes of statistical analyses can inciude: (a) a set of
statistical performance metrics of goodness of the conflict detection and resolution system;
and (b) a set of sensitivity factors that determine the quantitative relationship of the metrics
to the magnitudes of the various error and system parameters.

Performance metrics are used to determine if a conflict detection and resolution
scheme meets established standards for safety, reliability, and efficiency. The sensitivities
can be used to specify performance requirements of system components and the standard
settings for system parameters — how good the state measurements have to be, where the
maneuvers should be started, and what constitutes an adequate safe miss distance. To
address these metrics, three different measures of miss distance in the horizontal and
vertical dimensions need to be defined. First, as previously defined in Chapter 3, the

horizontal miss distance is r, and the Protected Airspace Zone radius is R. Define a

collision distance parameter r.<<R as:
re=0.5(b, + by) (109)

where b, and b, are defined to be the wing spans for aircraft A and aircraft B. By

definition, a collision occurs if r, <r.. Next, define a near miss distance parameter ry,,

(re<ryy) as a threshold value close to the separation requirement R:
rvs=kR. (110)

By definition, a near miss occurs if r. <r, < ry, . The constant k is defined less than or

equal to 1. If the constant k is less than 1, for example k=0.75, then this may allow the
average conflict resolution miss distance to be at or near the separation standard R, as
shown in Figure 95. If the constant k were to be defined greater than 1, then the mean
miss distance is likely to be far outside the separation standard, which might be overly
conservative and add an economic penalty to the average conflict resolution maneuver.
Finally, define an acceptable miss distance parameter r,,, (ry,< r,,) to be, for example,
50% over the separation standard:
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ra=15R. (111)

By definition, an acceptable miss occurs if ry, <r, < r,,, and an excessive miss occurs if
the conflict detection and resolution logic commands a maneuver such that r,>r,,. Miss

distance outcome probabilities include the probability of a collision, near miss, acceptable
miss, or excessive miss, as shown in Figure 95. Three similar vertical distance
parameters, h., hy,,, and h,,,, can be defined for separation requirements in the vertical
dimension.

Miss Distance following
Optimal Maneuver Chart

Miss Distance
Along Zero Range
Rate Line

Excessive Miss B gF xcessive Miss

-Tam -R - InM c 0 ¢ R Tt TAM

Figure 95. The statistical distribution of horizontal miss distance which
defines collision, near miss, acceptable miss, and excessive miss
(drawing not to scale).

The values of these six miss distance parameters need to be established for practical
future conflict detection and resolution scenarios. A statistical analysis must be performed
by using a model including the elements in Figure 94 and separation standards of safety
that are acceptable to the aviation community. Unlike the analysis performed in Chapter 3
for miss distance variation given no maneuver, the investigation for these parameters must
include many more factors, including the fact that the pilot or autopilot is executing a
conflict resolution maneuver, may be performing a sub-optimal maneuver, or may be
executing a wrong maneuver. In the future, aircraft will employ Required Navigation
Performance (RNP) equipment standards with higher accuracies and Automatic Dependent
Surveillance-Broadcast (ADS-B) methods; these factors must also be taken into
consideration. For example, we may need to determine the RNP that will guarantee that an
acceptable miss distance of at least 1.5 nmi can be met 99.997% of the time for a typical
crossing encounter between two turbojets.

The performance metrics that should be investigated include the conflict detection
probabilities of false alarms, missed alarms, and incorrect maneuvers. A false alarm is an
erroneous conflict detected even though adequate miss distance (as determined by the PCA)

would be achieved without a maneuver. False alarms are annoyances to pilots, cause extra
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workload, may cause pilots to disregard actual conflict warnings, and could add additional
flight cost since they may cause the pilot to maneuver the aircraft when no maneuver is
needed. A missed alarm has an actual conflict present, but because of measurement error
or an unknown or unexpected maneuver, a safe PCA is projected. This could cause the
conflict resolution maneuver initiation to be delayed so that an economic or safety penalty is
incurred. That is, the maneuver could be more severe than if started earlier causing less
efficient flight, or the range at PCA could be smaller than the value that has been
established to represent adequate safety (acceptable miss distance). Finally, an incorrect
maneuver occurs when an actual conflict is present and detected, but because of
measurement error or unexpected maneuvering, the conflict resolution maneuver is
incorrect (e.g., in the wrong direction). This could cause either an economic or safety
penalty.

During a strategic encounter, there is also a need to monitor the situation between
aircraft in order to collect the appropriate data for conflict detection and resolution. As the
aircraft fly closer together, the errors in the relative state, the relative trajectory’s forward
projection to the PCA, and the projected miss distance become smaller because (a) more
measurements have been processed, and (b) less time-to-PCA is available for the wind field
and actuation errors to propagate. Thus, one strategy favors continuing to take data while
allowing the aircraft to get closer so as to be more certain that a maneuver is necessary (i.e.,
the probability of conflict continues to grow). However, if a maneuver is necessary,
waiting increases the magnitude of the maneuver required thereby increasing the cost of the
maneuver. The other strategy favors maneuvering as soon as a potential conflict is detected
to minimize the amount (and cost) of the maneuver required. However, generally the PCA
uncertainty is very large at long range, so maneuvering early would cause a high false
alarm rate. This problem lends itself to a solution where the two strategies (wait and take
more data to potentially become more certain; and maneuver soon to reduce maneuver cost)
are blended. The logic would compute and monitor: 1) the time history of probability of
conflict (as in Chapter 3); and 2) the maneuver cost as a function of time-to-go to PCA (as
in Chapter 5). These two functions can be combined using, for instance, fuzzy logic, and if
their combination exceeds a preset threshold, then a maneuver would be activated. Fuzzy

logic would also allow aircraft to include other conditions for initiating a maneuver.

6.3 Mechanization of Conflict Detection Logic

As previously discussed in this report, probability maps, Strategic and Tactical Alert
Zones, and maneuver charts provide the means for summarizing the conflict detection and
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resolution logic. While these summarize many initial conditions, only the particular initial
condition relevant to the two aircraft in a conflict are appropriate in the mechanization.
Only the equations and logic relevant to handle a conflict situation need to be implemented
onboard in real-time. Furthermore, once the conflict resolution logic is determined, the
coordination and communication of data need to be established. These issues were not

discussed in the algorithmic development in previous chapters.

For the 2-aircraft encounter, where it is assumed that both aircraft are equipped for
conflict detection and resolution, a “Master-Slave” coordination may be established. One
aircraft A (the “Master”) plans and commands the maneuvers and the other aircraft B (the
“Slave”) concurs with the plan and executes the maneuver delegated to it. Various rules
need to be set into logic to determine which aircraft is “Master”, and if this role would ever
change or be over-ridden. We can refer to this logic as “Rules-of-the-Road” regarding
conflict detection and resolution management. For example, Free Flight policy might adapt
the rules used at sea whereby the starboard vessel has right of way. Or we might adapt the
hemispheral altitude rule, for example, such that the more westbound aircraft has the
“Master” role. This establishment of *“Rules-of-the-Road” requires further study to
determine the best policy.

The aircraft have limited maneuver choices — turn right (R) or left (L), climb up (U)
or descend (D), accelerate (Ac) or decelerate (Dc) — followed by a period of holding the
velocity vector constant until PCA. Thus, the cooperative turn combinations to be examined
are simply RR, RL, LR, or LL; climb/descend options are UD or DU; acceleration
combinations are AcDc or DcAc. The logic which tries each of these maneuver
combinations, as appropriate, for any encounter initial conditions is easily implementable in
software. The dynamic part of the maneuver is stopped when the result of continuing along
a straight line path yields greater than the required miss distance with sufficient probability.
The software logic would compute the relative trajectories from each combination,
determine if an acceptable solution exists for that combination, and compute the cost of that
solution. The minimum cost solution would be chosen to be displayed to the pilots.

However, sub-optimal solutions should be retained for contingencies.

One contingency would be needed when the conflict resolution maneuver puts both
aircraft into a deadlock condition. For example, a deadlock would exist if A turns right, B
turns left, and both end up going along parallel paths, side by side and away from their
intended courses. In this case, the second best maneuver pair could be chosen instead to

avoid the deadlock. Note that if an altitude maneuver or a maneuver combining heading
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and alutude were used for conflict resolution, then both aircraft could proceed with any
horizontal return to track maneuver without a deadlock, since the vertical separation

requirement would be satisfied during the recovery maneuver.

A second contingency would be needed when a 2-aircraft conflict resolution
maneuver is constrained by a third aircraft C. Here, one possible outcome is that aircraft A
and B have a second maneuver choice that does not conflict with C. Another possibility is
that the algorithm determine a conflict resolution strategy using an optimal 3-aircraft
maneuver. This will require more study than what has been investigated in this report to
determine all the conflict avoidance maneuver choices available and how to establish which
aircraft is “Master”. For the multiple aircraft (three or more) encounters, reverting control to
the ground-based ATM system might be the best choice.

A third contingency would be needed when there are maneuvering constraints such
as airspace restrictions, terrain, or weather that eliminate certain maneuver options. For
example, climb/descend to a different altitude might not be desirable because of known
turbulence or icing conditions at the new altitude. Turning might take the aircraft into
restricted Special Use Airspace (SUA), into a region with very congested traffic so that
Free Flight is severely limited, or into a different ATC sector where the aircraft would be
taken into a less desirable TRACON feeder fix leading to a less desirable runway. Each
aircraft conflict detection and resolution system/pilot would need to have veto power in
order to self limit such maneuver options.

The final part of the maneuver implementation logic is the recovery maneuver,
directed at returning the aircraft back to course after the PCA has been passed. Exactly what
the desired aircraft return maneuver consists of depends on where the aircraft is relative to
the original destination. In some cases, the preference will be to return, within some time
period or range, to the original 3D flight plan after passing the PCA. In other cases, the
preference will be to create a new plan starting from the PCA and proceeding directly to the
intended destination. Both options will have their utility, so both should be allowed for in
the mechanization.

6.4 Coordination and Communications Requirements

Good information is a pre-requisite for good decision making. The nature of coordinating
and communicating the information available for conflict detection and resolution affects
how, when, where, and what decisions are made. Important questions related to handling
and communication of data include:



(i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Types: What types of information need to be communicated between
conflict detection and resolution algorithms? This includes position,
velocity, aircraft identification, aircraft type, time, intent, destination, and

vehicle capabilities (equipage).
Accuracy: How accurate do these data need to be?

Transport: What is required to get the data to the appropriate place for
processing? What kinds of communications protocols are necessary? What
are the data latencies? How does data latency impact candidate solutions?
What nominal data update rates should be used?

Integrity: What precautions must be taken to assure data integrity (error
detection and correction, and/or forward error corrected communications)?
How does an implemented system check itself? How does the system
respond to violations of data integrity? For example, depending upon back-
up modes of operation, GPS drop-outs can result in an increased position
and velocity uncertainty. How can GPS or other information drop-outs be
discerned, handled, and reported?

Completeness: Information about the local air traffic scenario may vary in
content and in regularity/availability due to equipage levels, ground support,

aircraft density, etc. What considerations arise as data content varies?

Adaptability: Technological advances are likely to improve the quantity and
quality of data available for conflict detection and resolution algorithms.
How should the algorithms and data structures be designed to allow for
future changes in the quantity and quality of data, enhancements to the
conflict detection and resolution logic, and evolution from non-equipped to
fully equipped fleets?

Coordination Method. What type of coordination is required for timing and
selection of conflict resolution maneuvers? Is a “Master/Slave” system
necessary, and will one on board computer determine the movement of both

aircraft or will the second aircraft solve for and/or negotiate its own action?

(viii) Data Flow within System Elements. Data flow and latency requirements

also exist between system elements. Data flow requirements are associated

123
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with sensor, alert, display, command/resolution, and pilot input data.
Delays are associated with data acquisition, communications, algorithm
processing, display processing, and pilot interfacing. What are the effects
of these delays on conflict detection and resolution, and what is needed to

ensure that the system appropriately accounts for these delays?

Finally, the conflict detection and resolution system imposes communications
requirements, not necessarily dedicated solely to solving conflict problems, but perhaps
contributing to an overall communications network. To address implementation issues, the
overall air-air and/or air-ground data and voice communications needs, including data
content, integrity, and data broadcast rate need to be understood and specified.
Furthermore, a mechanism for handling lost data and addressing the effects of lost data
must be investigated.

6.5 Displays and Human Factors

The means of presenting conflict detection and resolution information to pilots and air
traffic controllers will play a crucial role in the effectiveness of an operational system.
Existing human-computer interfaces may become insufficient as Free Flight introduces
more complex conditions with potentially less-ordered traffic patterns than today. Today’s
controller plan view displays use flat, 2D, monochrome displays with trackball inputs.
Cockpit traffic displays (e.g., TCAS II) have color 2D displays with knob controls. In the
future, highly interactive, real-time systems with 2D multi-layered moving map displays or
3D stereoscopic views from both the controller’s as well as the pilot’s perspective, color

and texture, touch-screen, and spatialized sound are possibilities.

Studies in display design indicate that there are tradeoffs and benefits to both 2D
and 3D displays for conflict detection and resolution and ATC/ATM. The study by
[SEL82] indicates that when a display does not show the third spatial dimension as readily
apparent as the other two, pilots tend to solve conflict avoidance problems in the displayed
two dimensions, rather than exploiting all three dimensions. For conflict resolution, this
implies that a 2D plan view display may bias conflict resolution solutions to heading
maneuvers even though the altitude maneuver might be a better choice. In a related study
[EMH87], pilots were more likely to chose a conflict resolution maneuver with a vertical
component when using a perspective display. Further studies by [HW93, Ma93, MCW95,
PG93, WTS89] explore 2D and 3D displays to aid specific ATC/ATM tasks.
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To illustrate the potential of multi-modal human-computer interfaces for ATC/ATM
and Free Flight, [ADK96] investigated a virtual reality system. Conflict detection and
resolution advisories were displayed in a multi-modal system engaging the visual, auditory,
and vocal channels. As shown in previous chapters, 3D perspective views of the Protected
Airspace Zone and Tactical Alert Zone can be overlayed around an aircraft’s current
position or some future position (using intent data). Using these zones as alerting cues, an
air traffic controller or pilot can preview conflict resolution strategies prior to engagement,
and select appropriate actions. Egocentric views allow the user to travel along with a
particular aircraft; exocentric views allow the user to view the situation from any point in
this virtual space. Using multiple viewpoints, the air traffic controller or pilot can
thoroughly investigate and accept or reject conflict resolution advisories, and can coordinate
and/or negotiate actions between aircraft. Guidance maneuvers can be performed using
tunnels-in-the sky (Figure 96) or by following a trace of the conflict resolution trajectory
into the future (Figure 97). Feedback from pilots and air traffic controllers differed for this
system. Pilots tended to like how the visualization of future paths helped them to locate
neighboring aircraft and precondition them for conflict resolution maneuvers. Pilots also
like the egocentric viewpoint, since they typically use displays centered around the motion
of their own aircraft. Controllers, on the other hand, traditionally have fixed plan view
type displays that help them to estimate separation distances. Moving around in a virtual
space presented in a perspective view created problems with judging distances and
performing their analysis.

Figure 96. A 3D perspective display showing tunnels-in-the-sky for intent data
(taken from [ADK96] with permission from the authors).



Figure 97. A 3D perspective display showing intent data from trajectory prediction
results (taken from [ADK96] with permission from the authors).

Further research is necessary to evaluate the human factors issues for both 2D and
3D types of displays and the process of performing conflict detection and resolution.
Important issues include determining the times required to: preview and negotiate a conflict
resolution advisory with another aircraft, activate the maneuver guidance logic to perform a
maneuver, and alert controllers and AOC dispatchers (if desired) to inform them of the
situation. Other issues include: display symbology effectiveness, passenger comfort,
information requirements for pilot and/or air traffic controller situation awareness, and
workload analysis. Towards this end, an overview of such human factors issues related to
human-centered aviation automation is presented in [Bi96].

6.6 Real-Time Testing

Both real-time cockpit simulator and flight tests will play an important role in the system
mechanization by providing real-world calibration and feedback about conflict detection and
resolution algorithms and interfaces. Real-time cockpit simulation would be done using
piloted cockpit simulators with possibly inclusion of the air traffic manager/controller
and/or the AOC dispatcher at appropriate workstations. Flight tests would be done with
one or more aircraft collecting real data for conflict detection and resolution. Required
technologies include processors, displays, GPS receivers, and digital radio
communications equipment. These hardware technologies, in tandem with the software
algorithms that drive them, promise to be central elements of the operational conflict
detection and resolution functionality envisioned for Free Flight. Early manned simulation
of a conflict detection and resolution system will help reveal real-world considerations early
in the process, provide for human-factors experimentation and feedback, and allow for
rapidly prototyping of such a system. While analyses of algorithms, fast-time Monte-Carlo
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simulations, and real-time cockpit simulations are valuable tools for understanding many of
the issues associated with complex matters like real-time conflict detection and resolution,
they remain only approximations of the actual flight environment. Thus, flight testing will
also be needed to reveal the final operational considerations.

Among the matters that should be investigated in real-time simulation and flight testing are:

(i) Latencies: What latencies exist in the various elements of the system,
including displays, GPS, communications equipment, processed
information, pilot reactions, etc.? What are the properties of these latencies?

How do they affect system performance?

(ii) Integrity: Are there weak links in the proposed solutions? What are the
system’s fauit tolerance properties? Does the system degrade gracefully?
What communications integrity is sufficient?

(iii) Communications: Are the update rates set by simulation testing sufficient for
data/communications and displays, and under what circumstances? What

confirmations for actions are desired and when?

(iv) Pilot Interface: What are effective means to communicate conflicts and
resolutions to pilots? What symbologies and audibles are expected at what
times? How difficult are the alerts and displays to learn? Does the pilot
understand and/or believe the data being presented? How does the pilot
work when in an environment characterized by varied queues, disturbances,
and work loads? How quickly can pilots be expected to identify alerts
and/or address them?

There are several motivations and advantages of the real-time testing. First, a real-
time simulation of two or more interacting aircraft requires thoughtful development of the
conflict detection and resolution implementation logic to a form similar to what would be
mechanized in actual avionics. This process would begin with a high-level block diagram
such as shown in Figure 94 and proceed to add functional detail. Completing this process
insures that the conflict detection and resolution logic, software and hardware are realizable
for all points in the envelope of possible aircraft encounters; this modeling and code
development process insures technical feasibility of the design.
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A real-time simulation is the test bed in which the displays, avionics technology,
and other input/output devises for pilot (and controller and/or AOC dispatcher) interaction
with the conflict detection and resolution system can be investigated. Displays cannot be
developed fully without testing them in a dynamic environment with the humans who will
be using them in the loop. Real-time testing is necessary to establish the timing
requirements of information exchange between aircraft-to-aircraft and aircraft-to-ground.

Real-time testing is also necessary to establish the procedures for pilots, controllers,
and AOC dispatchers in using a conflict detection and resolution system. This includes the
transition process of going from a complete air-to-air solution to an Alert Zone violation for
which ground-based ATM takes over. This testing is necessary to establish the operational
viability of the system.

Next, real-time simulation allows for an investigation into un-modeled error sources
that affect the dynamics of the encounter. As a simulation is run, the effects of these errors
can be directly measured with respect to performance metrics of the conflict detection and
resolution system. With repeated runs, stochastic distributions of miss distance, probability
of false alarm, etc. can be quantitatively evaluated.

Finally, real-time testing is useful for planning subsequent flight tests of the
system, since simulation testing is much less expensive than conducting flight tests and
field trials. Also, simulation testing allows the engineer to set the conditions and
environment of the flight test; in contrast, during field trials you literally take what you get.
Flight testing will clarify real-world considerations and address issues associated with the
actual flight condition mechanization. Flight test investigations can perform a real-world
check of the validity of assumptions and address the practicality of conflict definitions,
conflict determinations, and resolution algorithms.
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

In this chapter, we summarize our research, state conclusions, and list recommendations

for future investigations.

7.1 Summary and Conclusions

For contflict detection, we performed both 2-dimensional and 3-dimensional analyses for
conflicts based on the penetration of the Protected Airspace Zone of one aircraft by a
second aircraft. Assuming that both aircraft hold constant velocities, analytic equations
were derived to identify the point-of-closest-approach and the time to the point-of-closest-
approach. Both deterministic (where trajectories are error free) and non-deterministic
analyses (where sensor, actuation, and wind perturbation errors may exist) were

performed.

In the deterministic analysis, several methods for detecting a tactical conflict were
compared. These methods include warnings prior to penetrating the Protected Airspace
Zone, generic TCAS logic, and methods based on the reachability space overlap of both
aircraft. The warning prior to penetrating the Protected Airspace Zone is tailored to and
most appropriate for Free Flight. The TCAS logic was shown to be ineffective at
guaranteeing that the Protected Airspace Zone will be avoided. Finally, the reachability
conflict detection mechanism is quite conservative, but may be applicable in multi-aircraft

short range tactical conflicts where the actions of another aircraft might be extreme.

In a non-deterministic analysis, we showed how a conflict probability map can be
constructed. Both a Monte Carlo technique and an analytic technique for constructing
conflict probability maps were investigated. The analytic technique has the advantage of
not requiring repeated simulations. We showed how this conflict probability map can form

the basis for a Strategic Alert Zone definition for long range strategic conflict detection.

An aircraft proximity management system was also described. A Delaunay
Triangulation formulation provides a mathematically precise representation for the trajectory
data management of all aircraft in a flight level. Such a system provides a means for
analyzing the neighbor relationships between aircraft and the nearby free space around air
traffic which can be utilized in multi-aircraft conflict detection and resolution. As
recommended in the next section, this Delaunay Triangulation formulation may be extended

to three dimensions.
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Conflict resolution maneuvers were investigated for the horizontal plane with either
heading or speed control, and in the vertical plane with altitude control. Optimal conflict
resolution maneuvers were developed for tactical close-range as well as strategic far-range

Cases.

The tactical analysis optimizes safety by maximizing the distance at the point-of-
closest-approach. The tactical conflict resolution strategy was found to be the result of an
optimization problem: Determine the control as a function of the relative motion state such
that the range at closest approach is maximized. Solutions are obtained by applying Euler-
Lagrange equations for optimal control, and are best illustrated using maneuver charts.
Maneuver charts were generated for cooperative (both aircraft maneuver) and non-
cooperative cases (only one aircraft maneuvers) and for heading, speed, and altitude control
cases. These maneuver charts concisely illustrate the tactical collision avoidance “rules-of-
the-road” indicating the turn directions, acceleration signs, or climb/descent rates that each
aircraft should select for any arbitrary initial relative state of conflict. Additionally, the
maneuver charts identify a Tactical Alert Zone, the locus of points for which a maneuver
must be started in order to avoid penetrating the Protected Airspace Zone of another
aircraft.

The strategic analysis optimizes the economical cost of the maneuver while
maintaining safety as the constraint. The strategic conflict resolution strategy analyzes the
geometry of heading, speed, and altitude maneuvers that safely avoid the Protected
Airspace Zone, and estimates the Direct Operating Cost DOC (fuel and time costs) for these
maneuvers. Maneuvers can be chosen to minimize the total DOC for all aircraft involved or
to minimize the individual DOC of each aircraft; these conditions will not necessarily result
in the same maneuver. In general, altitude maneuvers are the most economical, followed by
heading maneuvers, and finally speed change maneuvers. For non-cooperative heading
maneuvers where only one aircraft maneuvers, it is generally more economical to turn the
aircraft to the backside of the non-cooperating aircraft. For cooperative cases where both
aircraft maneuver, it is generally better to let the faster aircraft bear more of the burden for
the strategic maneuver. The cost and range required for speed control maneuvers usually
make this an ineffective means of conflict resolution.

An economics analysis was also performed to investigate the benefit from a
reduction of horizontal separation standards. The cost of heading and speed maneuvers can
be reduced 3-fold for reducing the separation standard from 5 to 3 nmi. Reducing the
horizontal separation standard from 5 to 1 nmi reduces the cost of a maneuver by roughly

10 times. No significant change occurs in the cost of altitude maneuvers due to reducing
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the hoizontal separation standard; they are relatively inexpensive for all cases. With the
reduction of separation standards, it is important to note that the effects of wake vortices
behind aircraft may become the limiting factor.

Finally, the mechanization of a conflict detection and resolution system was
analyzed. We proposed the necessary components for a conflict detection and resolution
system and discussed each component and their interconnectivity. The system sources of
error and uncertainties were identified, including measurement and trajectory prediction
uncertainty, actuation uncertainties, flight technical errors, and wind uncertainty.
Performance metrics were identified for the purpose of evaluating the safety, reliability, and
efficiency of the system. These metrics include parameters for collision, near miss,
acceptable miss, and excessive miss distances. Suitable values for these parameters should
be determined in future research. The need for an analysis of the probability of false
alarms, missed alarms, and incorrect maneuvers was also discussed; these are also
mentioned in our list of recommendations.

Coordination and communication requirements, human factors issues, displays,
and simulation testing were also discussed. A “Master/Slave” type logic was considered
for coordination, and for coordination options, we discussed an algorithmic implementation
incorporating contingency plans. Contingency plans may be necessary for deadlock
conditions, avoiding third aircraft conflicts, or avoiding airspace constraints. The need for
pilot, ATM, and AOC dispatcher displays and human factors research was also briefly
discussed. Suggestions for displays and human factors research are given in the list of
recommendations. Finally, there is a need for real-time testing through simulations and
actual flights to provide real-world calibration and design feedback for the conflict detection

and resolution algorithms, interfaces, related technologies, and operating procedures.

7.2 Recommendations

The following recommendations are identified for further research into the problem of
conflict detection and resolution for Free Flight. These recommendations generally fall into
three categories: analysis, simulation, and mechanization.

Analysis:

7.2.1 Conflict Detection. For conflict detection, we performed both 2D and 3D
analyses based on the assumption that both aircraft hold constant velocities.
Further analysis should be performed to extend this analysis to consider either
aircraft having 1) a constant turn rate, 2) a constant acceleration vector, or
3) intent data (e.g., imbedded in an ADS-B message) indicating a future
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7.2.2

7.2.3

7.2.4

7.2.5

7.2.6

heading, speed, or altitude change. Furthermore, analysis is necessary to
assess effects of state measurement uncertainty, trajectory prediction errors, and
wind field perturbations on far range strategic conflict detection. Wind data
provided by real-time measurements onboard aircraft that have previously flown
through the airspace near a conflict may be used to model the wind. The
application of fuzzy logic may be useful in dealing with the trade-off that exists
between using early maneuvers versus processing more data to better assess the
expected probability of an actual conflict.

Error Sensitivity Analysis. The conflict probability maps derived in
Chapter 3 propagate position and velocity uncertainty errors, but further error
analysis is necessary for conflict detection. The additional errors which are not
considered include horizontal wind gradients (the wind field in front of the own
aircraft may be different from that of an intruder aircraft), flight technical errors
(pilot control errors), and guidance errors. The last involves the errors the
system makes in computing an optimum resolution flight profile based on
uncertainties in measured aircraft states.

Altitude Maneuver Analysis. Altitude maneuvers were shown to be more
economical compared to heading and speed maneuvers. Consequently, future
air traffic control and air traffic management may involve a far greater
percentage of altitude maneuvers compared to today’s fixed route, fixed flight
level system. A further, more detailed investigation should be performed to
look at the feasibility of multiple aircraft performing altitude maneuvers in Free
Flight. Altitude constraints for terrain, turbulence, and weather should be
included in the analysis.

Constrained Conflict Resolution. In this report, 2-aircraft encounters
were investigated without any constraints due to sector boundaries, restricted
airspace zones, weather, neighboring traffic, or terrain. For instance, the type
of conflict resolution strategy could be influenced by where the aircraft are
located relative to sector boundaries. These types of constraints on conflicts
should be included into the conflict resolution analysis in further research.

Rules-of-the-Road. The notion of a combined maneuver chart was
introduced in this report to combine the analysis of probability of missed and
false alarms with strategic and tactical conflict resolution strategies. Further
research should be performed to determined the best partitioning of this
combined maneuver chart and a mechanism for coordination of aircraft
maneuvers (e.g., the “Master/Slave” method). In addition, an analysis should
be performed to define the near miss, acceptable miss, and excessive miss
distances, as discussed in Chapter 6, based on following the “rules-of-the-
road”.

Multi-Aircraft Conflicts and the Domino Effect. In this report, 2-
aircraft encounters were investigated for tactical and strategic conflicts.
Encounters which include three or more aircraft should be investigated in the
same detail. Such an investigation would extend the results derived for the 2-
aircraft scenarios. Also, the domino effect needs to be investigated. The
domino effect occurs when a conflict resolution maneuver for two aircraft
propagates into a conflict with a third (or more) aircraft. The Delaunay
Triangulation of all aircraft provides nearest neighbor information that might be
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combined with conflict resolution analysis to investigate the domino effect. A
mathematical criterion should be established to identify when the domino effect
will happen.

Proximity Management. The Delaunay Triangulation of all aircraft in a
flight level is a computationally efficient mechanism to maintain proximity
information. A comparison should be made between a method using layers of
2D Delaunay Triangulations, a method using a full 3D Delaunay Triangulation,
and a method of using grid-based sorting of aircraft for the purpose of
proximity management. Experiments should be performed to investigate the
utility of these techniques for providing ATM with a robust and distributed
system for monitoring and tracking all aircraft, for AOC dispatchers with
proximity management of their fleets, and for aircraft with proximity
management of nearby traffic.

Simulation:

7.2.8

7.2.9

Detailed System Modeling. A high fidelity simulation capability can be
developed by expanding the system block diagram components in Figure 94
into functional details of environmental models, aircraft dynamics,
communications elements, sensors, algorithms, and displays. Mathematical
models need to be developed for each system component with realistic error
characteristics, parameter options, and environmental disturbances. Encounters
between aircraft with different equipage and in well modeled environmental
conditions should be investigated with this type of high fidelity simulation
capability.

Fast Time Simulations. Fast time algorithm simulations are needed to
provide Monte Carlo results investigating: effects of errors on the statistics for
final miss distance, false, and missed alarms; sensitivity of performance to the
variations of system parameters; and performance of the “rules-of-the-road” and
trigger mechanisms for conflict detection.

7.2.10 Manned Simulations. Manned simulations are needed to provide the real-

world calibration and human factors feedback about a conflict detection and
resolution system under Free Flight scenarios. Issues to be investigated with
such a simulation capability include system latencies, communications,
interfaces, and system effectiveness. These simulations and the preparations of
the algorithms and hardware components for these simulations will help setup
follow-on flight tests.

Mechanization:

7.2.11 Displays. Candidate displays should be developed for conflict detection and

resolution for not only the pilot, but for ATM as well as AOC dispatchers. This
work should be performed with NASA human factors experts providing
guidance in a human-centered design approach [Bi96]. 3D perspective, 2D plan
view, and 2D profile view displays should be compared.
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7.2.12 Communications/Coordination. Cooperative conflict resolution strategies
require good communications/coordination between the two aircraft involved.
Further investigations should be performed to identify the complexities of hand
shaking, “Master/Slave” coordination, time delays, data dropouts, and update
rates. This analysis should include manned simulations to evaluate the best
parameter selections.

7.2.13 Transfer of Control to Ground-Based ATM. An investigation into the
transfer of control from an air-to-air flight-deck-based solution for the conflict
resolution problem to a ground-based ATM positive control solution is needed.
This research will affect parameters chosen for Alert Zone sizing and conflict
detection. This research will also need to investigate the relationship between
dynamic density in Free Flight and the transition to ground-based control.

7.2.14 Multi-Modal Visualization. Several 3D perspective views of the conflict
detection and resolution scenarios were presented in this report based on an
investigation performed by [ADK96]. This visualization may be extended to
include combined Protected Airspace Zone, Alert Zone, intent, traffic, weather,
terrain, wake vortex, and wind field information. Also, this visualization
should be expanded to include multi-modal human-computer interaction
techniques, that is, voice commands, audible warnings, 3D spatialized sound,
data gloves inputs, etc. (see [ADK96]). Human factors issues related to such
human-computer interaction techniques should be investigated to identify the
utility of presenting information this way to either a pilot, air traffic manager, or
AOC dispatcher. This may require further development of multi-modal
visualization environments specifically designed for the pilot, air traffic
manager, or AOC dispatcher.
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